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1 NDF

1.1 Introduction

NDF a DOS code dedicated to the analysis of RBR)ARPIXE, non-resonant NRA and NDP data for any, iany
target, any geometry, and number of spectra. Tée\ersion of NDF is a simulator only. It does imgplement fitting
or Bayesian inference. It also does not impleméXEPIt is called ALP internally just to distinguist from the regular
NDF.

The general philosophy of NDF is to put accuradpimecalculation speed. In some cases, this leadaltulations that
can be orders of magnitude slower. Faster calomattan be made by turning the appropriate optons off.

NDF is a DOS program which reads input files anehtes output files. No graphical interface or otiipusupplied.
The users must use their own graphics packagest@mNy inspect the fits and depth profiles obtained

NDF is distributed “as is”. Bug reports and sugipest are very welcome. Email me at nunoni@itn.pt

The NDF web page, including downloads of the mesént executable and manual, is
http://www.itn.pt/facilities/Ifi/ndf/uk_Ifi_ndf.htm

The executable distributed in the web page is @alleP_xxx.exe, where xxx can be for instance 90avérsion 9.0a.
You have to rename this to ndf.exe.

After you read the manual, we advise you to run ¢lxamples coming from the International Atomic Aggn
intercomparison of IBA software, as detailed intiea 18.

1.2 Installation
The code can be run under DOS or in a DOS shell.

Create a directory (say, C:\NDF) on your hard di€opy the distribution files to this directory andzip them with the
Unzip command. Further, you have to configure yoamputer (assuming C:\NDF to be the directory whene have
the executable). You MUST include two lines in AUEXEC.BAT:

SET PATH=%PATH%;C:\NDF

SET PATHNDF=C:\NDF

1.3 Short version history

6Apr98 v2.2 Corrected a few bugs (like not recoigigiroperly e.g. 109Ag as a target species oreptidg).

7Apr98 v2.3 Included He on D ERDA cross sectiotgnged presentation of .RES files to include mofe i

8Apr98 v3.0 Included non-resonant NRA.

21Jul98 v3.1 Included the possibility of using DEPGuUtput.

25Jul98 v4.0 Included Bayesian Inference with theNWC algorithm.

27Jul9  v4.1 Changed the MCMC algorithm to makelé@pative.

20Aug98 v5.x Hopelessly bugged first Genetic Alguori version.

20Aug98 v5.y Included thin film plural scatteringroection — developed on a different machine ag.v5.

18Dec98 v5.3x Good GenAlg. Not as efficient as SimAdumped it.

5Jan99 v6.0 Introduced molecules, eliminated germdgorithm

8Jan99 v6.1 Delta layers, substrate layers

22Jan99 v6.2 Introduced element search

8Feb99 v6.3 Debugged NRA

25Feb99 v6.4x Took SQUEAKIE out, wrote own routitteat works for ERDA and NRA as well. New foil
calculation. Old ROI still in. Played with iFFT daovolution of resolution (does not work).

23Mar99 v6.4 Debugged new foil calculation

21Jun99 v6.44 Eliminated (hopefully) inconsistendietween delta-layers and other user-defined i@nts.

6Jul99  v6.5x Introduced fitting of the polynomiarcections. Debugged here and there.

4Aug99 v6.5 Fitting of calibration, charge, etcidgrSimAnn as well.

30Nov99 v7.0c New MCMC thicknessé&stoichiometry ecddtion.

14Dec99 v7.1c 64 spectra.

03Mar00 v7.1h Revamped forward function algoritimiroduction of user-input densities.

20Mar00 v7.2b Introduction of straggling and of ibsity of very fine non-Ruth cross section files

23Mar00 v7.2c 32 spectra, other internal changes

27Mar00 v7.3 NDP introduced, bugged version
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17Apr00
Juloo
20Sep00
29Nov00
29Jan01
26Julo1
8Aug01
20Sep01
220ct01
24Jan02
13Feb02
15Feb02
1Julo2
Oct02
6Nov02
1Dec02
27Mar03
8Aug03
3Sep03
8Sep03
300ct03

19Nov03
20Jan04

12Mar04
19Apro4
21Apro4
31Aug04
31Aug04
8Nov04

6Jan05
10Feb05

25Feb05
3Mar05

22Mar05

23May05
30May05
11Jul05

20Jul05

25Jul05

24Aug05
26Aug05
01Sep05
19Sep05
21Sep05

27Sep05

v7.3C
7.4
7.5a
7.5d
7.6a
7.6e
7.6f
7.69
7.6h
7.6j
7.6k
7.7a
7.7c
7.7d
7.7e
7.8ax
7.8a
7.8c
7.8d
7.8e
7.8f

7.89
7.8h

7.8i
7.9a
7.9b
7.9d
7.9e
7.9f

7.99
7.9h

7.9i
7.9i

8.0a

8.0b
8.0b
8.0c
8.0d
8.0d
8.0d
8.0e
8.0f
8.0g

8.0h
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Size of internal layer, cross sectiod stopping power arrays user-definable in NDINTC

BI/MCMC of stopping powers (quite nice)

BI/MCMC of non-Rutherford cross sectifpretty bad, unusable)

Local SimAnn from NDF.PRF

Roughness models 1-3 seem to be aebagd working. Other smaller changes. 16 speadisa o

BI/MCMC on roughness

linked constant ratio charge for sirmnéious multiple detectors

Roughness model (4)

Introduced ZBL0OO and MSTAR stopping/ers

Fixed error in the He on D scatteciugs-sections - thanks to Joana Vaz Pinto

Introduced data types 21 (Garchind)22n(2048 channel Ortec)

Quadratic energy calibration

Molecules with varying stoichiometry

Better roughness model (4), new model (5

Tschalar scaling, bug in element seatobamlined routines, better roughness model (4)

Double scattering routine introdutegelessly bugged

Stopping power of 1 molecule can hd end/or fitted, also in BI/MCMC. DS still with gu

Bug in factor and constant in DEPTHdfitalculations fixed. DS still with bug

Introduced formula in one given element

Double scattering seems to be workwen(for grazing angle of incidence) - not really

Introduced initial guess and BI/MCM# molecules of unknown composition. DS works rewiéll,
although there is some room for improvement orMigeside of things

Automatic call to MDEPTH - many tham&dEdit Szilagyi; DS about finished.

Refinements in the DS routine, somedaa types introduced, quad factor in the eneadipration
may now be fitted.

A few small bugs were corrected - Hsato Carlos Pascual-lzarra

Bug in D(3He,4He)p cross section abee - thanks to Karl Krieger

Eliminated Z-search, it led to majode structure complexity and no-one ever usedlkaf

First version of latent variable foickness. Sigmoid taken out, but code not deleted

Sigmoid code deleted

Complete change of variable stuctusedytnamic variables. Introduction of effect of egespread
before interaction in the shape of resonances. MSToktran code inclued in NDF.

Small changes and corrections. Inttmfucf \ in GEO file to comment out lines.

Fairly ad-hoc correction to low enesigyal when using MDEPTH or straggling and cowarts lost
to negative energies. New pile-up algorithm implated.

Bug on NRA d(3He,p)4He cross sectiorrected. Wielopolski and Gardner pile-up algorithm
introduced, thanks to Matej Mayer. Pileup algorithno longer assume linear calibration.

Effect of multiple scattering - scaitbgrangle spread and pathlength spread introd &glderical and
cylindrical inclusions programmed.

Introduction of PIXE - i.e. link toethibCPIXE library rewriten by Carlos Pascual-lzabased on
the DATTPIXE code writen by Miguel Reis. LibCPIXE free code under a GNU license. NDF has a
special license to use it. Some bugs remain in ERPIX

Corrected bug in smoothing data when d&hg thanks to Thomas Lauf. New Wielopolski and
Gardner pileup routine including pileup rejectiagirly introduced.

CPIXE seems to be working well, withbugs. Corrected bug in convdept routine lossoafnts to
negative energy. Approximate triple pileup, and RbtRoduced in WG pileup algorithm.

Removed ad-hoc correction to low gnsignal when using MDEPTH or straggling and cowarts
lost to negative energies, since it was not goaadigh.

Improved Gaussian description in ctutiom algorithms: now follows Gaussian down to@L&6 of
maximum, Simpson integration of area in each bin.

Found and corrected a bug in NRA stithggling, introduced in 7.9f - only appeared wheA was
used with straggling.

Wrapped up the three pile-up routiddmndoned back-compatibility of pile-up syntaxwgirevious
NDF versions.

Up to 8.0d, when using more than 16@pping powers via NDF.TCN, the stopping was not
correctly calculated. Introduced transmission geloyrier RBS, ERDA and NRA, but still untested.
Straggling still not working for tranmission geomet

User can control random number segquenc

Mitsuo Tosaki’'s model for local vadas of density introduced.

Transmission geometry calculationsclosively tested for ERDA and RBS. Only L’Ecuyer
screening available for ERDA. Improved low energgld calculation.

Low energy yield calculation seentsetavorking correctly, for Bohr and Chu straggli@prrected a
bug in NRA introduced in v8.0d - not the total digbut the exact energy distribution was incorrect.

7
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29Sep05
110ct05

180ct05
29Nov05
07Dec05

15Feb06
16Feb06

23Feb06
07Apro6

19Apr06

04May06
16May06
17Jul06

13Sep06
12Dec06
12Jan07
17Jan07
19Jan07
22Jan07

01Mar07
13Apr07
23May07
06Jun07
13Julo7
19Julo7
27Aug07
30Aug07
260ct07

310ct07
03Dec07

14Dec07

23Jan08
03Apro8
08Apro8
14May08
02Jul08

02Julo8
09Julo8
12Sep08
18Sep08
090ut08

06Nov08

10Nov08

8.0i Introduced integration of cross saatieer energy spread for low energy yield calcalati

8.0j Supports WDEPTH, including larger pattmes. MDEPTH not completely backcompatible (from
now on user must input e.g. C: instead of justdD} (iser can also input e.g. D:\CODES\iba).

8.0m NDF had an internal constrain to nfab6ogeometries per sample, now removed.

8.1a First version of new code for fittergss section

8.1la non-Ruth cross section: on energigsrldhan max in file, value is taken as for marrgy in file.
For energies lower than min in file, 1 is taken.t@ayer option is enforced when effect of energy
spread before scattering on resonance is calculated

8.1c The routine to impose constraints iwgwoved (a couple of loopholes were closed);rfigticross
sections seems to be working very well.

8.1d Andersen screening re-introduced iDAR he previous version was very slightly incotréeffects
mostly not noticeable on calculated spectra).

8.1e Various bug fixes

8.1f Introduced non-Gaussian stragglingr(ige function)

8.1g Various fixes, slightly updated manaaitol off introduced

8.1g Various fixes, Chu straggling is naafedllt

8.1h Gauss default for NRA and NDP. Striaggtalculated for beamfoil.

8.1i Small improvement of gamma straggforgarge straggling values. Default is now Gaussexcept
if the FWHM is smaller than 3 times the calibratigain in RBS and ERDA.

8.1j Various fixes, Bl of molecular concativn with ? elements in order with new algorithm.

8.1l Introduced general geometry, introdu®JPIX output format as input file for PIXE.

8.1m Some interlocks introduced (e.g. woyield correction when roughness is used).

8.10 Compound molecules / sub-molecules iwatroduced. First version of nef.

8.2a c?fairly insensitive to forward model problems; amtmalised. Can be changed as user option.

8.2b Local SimAnn working for both normedisand non-normalised cases. First version of tepea
calculation.

8.2c Non ionising losses with a good defaul

8.2d Restrictions to number of channelsonasd; repeat calculation from file for pile-up iraptented.

8.2e Corrected a bug in submolecules/PidEgduced flagvar_ in geo files.

8.2f Maximum number of samples and of gédeseper sample increased from 99 to 359

8.2i  First version with experimental parterechanging

8.2 Reasonably debugged version with éxgertal parameters changing

8.2k  Allows funny filters in PIXE - changeslightly meaning of (1) syntax in SPC file

8.21 Introduced foil inhomogeneity.

9.0a Introduced detector efficiency, cagésome bugs, including in NRA (due to recentoidtrction of
tables for straggling). Better description of lag@umnar inclusions. Free version as simulatoy onl
and without PIXE is implemented, and it is calleteinally “ALP”.

9.0b Corrected several bugs, includindgpénautol and NRA routines.

9.0c Introduced verbosity, changed theipusly “unused” speed option. Introduced GEO charigehe
repeat calculation. Corrected a few bugs, includmBOIs when fitting with a foil present. Readstop
and stop codewords were removed. Molstop and etst@pcan also be used for reading in a file with
(energy, stopping) values.

9.0d Handling of user-input molecular alesnental stopping completely changed. Now, not &iy90
al-a8 parameters can be read, but also (energyistpdiles.

9.1a Changed handling of DEPTH outputrg¢lanergy loss, and corrected some minor bugs.

9.1e First version with NRP.

9.1f User input charge state of incidergrbentroduced.

9.1g More or less solid version before givagnhandling of non-Rutherford cross sections

9.1h Removed input of multiple angle norkRrford cross section. Completely changed handifrgyoss
sections, to explicitly get rid of interpolatingtas. Bugged versions.

9.1i  First version that seems to be worknuge or less correctly for all IAEA examples pNRP.

9.1j DS forgot to take into account endogg in foil and detector dead layer, correctes. thi

9.11 A few small bugs corrected in DS withd layer (again!), and cross sections (again).

9.1l Introduced the “fast” option for Dinénated the “ord” option as it became redundant.

9.2a First version of DS for ERDA. Only etgeinvolving the beam particle and the recoilha target are
considered, e.g. 1) ion scatters off target elerttg produces a recoil, and 2) ion produces ailreco
which then scatters off a target element. Eventsluing intermediate recoils are not considered, e.
ion produces recoil which produces a second deteeteoil. Recoil events in the absorbing foil are
also not calculated.

9.2b Second version of DS for ERDA, whemoils produced in the stopping foil are also cdeisd, but
only those produced at less than 20° scatterinlpang

9.2c All directions up to 80° recoils amnsidered. However, it is assumed that the fopast of the
detector, i.e. all transmitted recoils are detected

8
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02Dec08 9.2c New treatment of angular spread afiactield, energy loss and kinematic factor.

12Mar09 9.2g Corrected some bug in DS, that madd- Nfdrget” some trajectories in extremely thin self
supporting layers. Such layers can't exist in lgal Changed default stopping to ZBL0O. All file
names now can have up to 132 characters includiegpith. Created repository for SRIMO3
calculated stopping powers. This MUST exist befeRIMO3 is called, NDF does not check and does
not create it.

11May09 9.2j Corrected a bug that showed up whenldlv energy yield option was used in conjunctiothw
resonance calculation with very fine energy stepFNow supports R33 cross section format

15May09 9.2k NRP seems to be working for the mestahding high resolution narrow resonance castsdurced
Tschalar OFF.

15Jun09 9.2I Corrected some bug when reading R&3 ections.

20Jul09 9.2m Introduced SigmaCalc cross sectiomas avifile for a-ERDA of 1H. Also included the angula
dependence of this cross sections for the doullgesing algorithm, but only in the range 1-3 MeV.

18Set09 9.20 At some point, the inbuilt 4He on 2RDA cross sections went wrong. Don't know whichsians
are affected. This is now corrected. Also, SigmaGaloss sections (or from other source, e.g.
experimental) via a file, with the angular deperaderis implemented for any system.

24Feb10 9.2q Small changes, includind syntax aflekelement sub-molecules.

25Feb10 9.3a First version of SIMS implemented sty not yet a fitting parameter
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2 Getting started

This section is intended to be a quick and dirfgnence to the bare essentials. Most, or all, cdtvigh here is repeated
and extended elsewhere in the manual. We strivedss-reference as much as possible. A lot motaldetgiven in
the manual. Please note that this manual referet®OS code NDF.

2.1 Setting up the problem

You must:

1. Tell the computer which elements are presegoim sample.

2. Tell the computer the experimental paramete®@, fBr the fit etc.

3. Tell the computer any other information you ntigave - e.g. non-Rutherford cross sections, ctioesto stopping
powers, or any info you might have on your samples.

4. Tell the computer which files you want to analys

This is done via a series of files described belbie batch file SPC is at the heart of everything.
2.1.1 The batch file: SPC

The batch file controls everything. This can hamg aame, but has extension spc. We call this “feefie”. It can be
for instance

datafile 5. geofile structurefile

where

datafile is the name of the data file

5. is the collected charge (see below for the units

geofile is the name of a file that contains all thiermation on the geometry, as well as on caltuhamethod.

This can be any name, but the extension must beWjjeaall these “the geo files”
structurefile is the name of a file that contaitisrdormation on the sample, such as elementsgmted his can be any
name, but the extension must be str. We call this &tr file”.

In this simple example, one single spectrum wakectd from the sample and is analysed. If e.getlapectra are to
be analysed, the SPC file could be for instance

datarbs 5. georbsl structurefile
dataerda 3. geoerda
datarbs2  6.56 georbs2

So one different GEO file must be defined for egebmetry/experiment made. A single structure fileans that all
data will be analysed simultaneously, with the saamaple definition and depth profile.

See chapter 3 for a full description.
2.1.2 The sample structure file: STR

This file defines what your sample is made of.nitlides all the elements and/or molecules presemt,also the
presence of roughness, voids, inclusions, quantis) dtc.

One STR file must prepared for each different tgpsample. However, if you have many similar sarmspéd with the
same elements present, and only the depth prefddferent, the same STR file can be used for all.

See chapters 4 and 13.
2.1.3 The geometry files: GEO

Each GEO file describes one set of experimentalditions, as well as different calculation optiorSso for
simultaneous analysis of multiple spectra fromghme sample, you prepare one GEO file per specasimecessary.

See chapters 5 and 6.

10
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2.1.4 The depth profile file: PRF

To make a simulation or a local search starttimgnfran initial guess, you must prepare a file wita tepth profile.
This is normally called ndf.prf (but not alwaysns® advanced functions lead to other names) - seeetbvant section.
The file looks e.g.:

4
1000103
200 0.3.8
300 113
30000001

Which is a 4 layer target; the first number defitke number of layers; then one line per layertirgjafirst the
thickness (in 1el5 at/cm2), and then (unnormalisgdinic concentrations for each element/molecufine@ in the
STR file.

In the current version a maximum of 250 layers aitewed for simulation and local search, and 5Gsiimulated
annealing and Bayesian inference.

See section 7.1.

2.2 Running NDF

You can:

1. Simulate a theoretical spectrum from a givertligpofile. This is the main recommended use folAND

2. Make a local search optmisation starting frogiven depth profile.

3. Run a simulated annealing search. This is ad\fimeadvanced users only, as the results may iméegbretation.

You can also:
4. Calculate error bars on your depth profiles giayesian Inference; this will be done at the ehd fit (not after a
simulation).

2.3 Looking at the simulation or fit
NDF generates output files, you must look at theith any graphics routine you like.

2.4 Units in NDF

NDF uses as units of depth'i@t/cnf. Values in nm provided in some output files usegtted averages of atomic densities
and are meaningless except for pure layers. Thecaralso specify densities {@t/cn) (see section 4.1 below).

Form version 9.3a on, NDF can treat some technighese real depth is measured, such as SIMS dlipgofith a lateral
microbeam. The depth units used are nm.

NDF uses as units of concentration atomic frac{ivam 0 to 1). When the user inputs e.g. Si 1 ONBDF will
automatically normalise to 1 at.fraction.

NDF uses as units of beam fluence partid2-That is, it is proportional to the number of fmeparticles hitting the
sample and not to the charge. This makes it indigr&nof the charge state of the particles. Supposecollected
10 nC with a H&" beam. Then the fluence you have to introduce ifFNDL0/2 = 5 particleC.

This gets slightly weird when analysing NDP dathe Tunits in NDF are still particle€ in that case (although the
neutron is not known to have any electric chargallxt The user must do the following conversionp@ose N is the
total number of neutrons incident on the sampld..@8217733x18° nC is the electron charge magnitude. Then the
user must input (in the .SPC file, see section ¢ Nsor instance, for 5x1bneutrons, we have 8.011x3particlenC.

11
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3 The batch SPC file: specifying which files to anake
3.1 The batch file .SPC

Once you have your structure and geometry filedyegou have to prepare what we call the batch filat basically
tells the computer which files it must fit. You cgive this file any name you want, with at leasethcharacters (DOS
restrictions apply), but the extension must be .SPC

The example of a real life .SPC file follows. I@datch file to analyse four files, all with rolgkimilar structures:

sifecol. 9.947 g1 s1
sifeco2. 10.506 g1 s1
sifeco3. 10.535 g1 s1
sifeco4. 10.450 g1 s1

The charge (in particleC - see section 2.4 above) follows the data fileneaafter that comes the name of the
geometry file and of the structure file, withoutension: so in this example, the geometry fild i gl.geo, and the
structure file will be s1.sttWARNING : The input charge value will be changed duringfthérou can turn this off by
using NDF.TCN (see section 9 below).

Notice that all the four files in the example abavere collected at the same experimental conditisasthe same
geometryfile is given for all of them. The sanstructurefile is given to all of them because they are sithilar
samples, composed of the same elements. Now imaginere complicated situation. For example, yousuesd two
Si-Fe silicide samples in the same experimentaditioms, and three silicon carbide samples, twonvbfch were
measured with the same geometry, and the thirdldfesient angle of incidence. The resulting bditthwould be

sifecol. 9.947 gl sl
sifeco2. 10.506 g1 s1
sicl. 10.02 scls2
sic2. 10.13 scl s2
sic3. 10.093 sc2 s2

In this case, s1.str defines samples with Fe, G4, and s2.str defines samples with Si and @hEy gl.geo defines
the experimental conditions at which the Si-Fecisié samples were measured, scl.geo and sc2.gexpghemental

conditions at which the first two (sicl. and sic&ad the last (sic3.) silicon carbide samples weeasured.

Now suppose you measured two similar samples,inabhee different sets of experimental conditi¢thsis collecting three
separate data files for each sample), for whiclyémenetry files are gl.geo, g2.geo, and g3.geo.IP€ file will be

sifilel. 5.2 glsl
sifile2. 17.3 g2
sifile3. 8.03 g3
s2filel. 10 glsl
s2file2. 6.41 g2
s2file3. 9.3 a

Notice that the three files corresponding to sathglfilel., sifile2., sifile3.), all have diffetegeometry files, but
only the first one has a structure file. NDF themoanatically thinks that the files without an exjilisample structure
file are to be fitted together, simultaneously ttisathat sifilel., sifile2., sifile3. all correspl to the same sample as
defined in s1.str. As s2filel. again has a samefition file attached, NDF automatically thinkss a new sample.
Basically, each line with a sample definition fiéene attached defines a new fit (new sample). UB5® fits are
allowed. Each fit can simultaneously analyse séagractra (up to 359) corresponding to the samekam

We now give a still more complicated example, amere¢ will be more about this in section 3.2 bel@uppose you
measured two spectra of one sample, one just ndRB3| the other He-ERDA on a sample with H and eléwitn, and
the H and D signals come out superimposed. Thahsngau have two particles detected on the secoactrspn. The

rbsfile 5. rbsgeo sl
erdafile 10. Hgeo
erdafile 10. Dgeo (2)

.SPC file must then be

The (2) on the third line indicates that the thé&oat spectrum calculated with basis on the geoyrfdler Dgeo is to be

12
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added to that of line (2), that is, to the Hgeo,dmefore calculating the chisquared. This is whatwant. And, the
collected charge will automatically be the sameloth Hgeo and Dgeo; the value that you input fge®is simply
ignored.

3.2 Multiple detected ions - e.g. TOF-ERDA, funny filte

Suppose more than one different ion (for instamc@ OF-ERDA or NRA) is detected (see sections 5ahéd 5.4.3
below), their spectra are superimposed, and you teaanalyse the total spectrum. This is what yastndo: First,
create one GEO file for each detected particle. .44l ERDA of a Si/TaN sample using 35 MéXCI as incident
beam, you need to define four GEO files. One ferlihckscattere®Cl (RBS), plus three for the Si, N and Ta (yes, it
will be there!) recoils. Then the batch file witidk e.g. like

sample.rbs 10. rbsgeo sample
sample.si 9.8 sigeo (1)
sample.n 9.9 ngeo (1)
sample.ta 10. tageo (1)

The (1) means that the corresponding spectrum heilladded to spectrum number 1 for that sampleh{s dase,
sample.rbs - rbsgeo). So, lines 2 to 4 will leadh® ERDA simulated spectra being added to linthdt is the RBS
simulated spectrum, and then a single spectrumbeifitted.

Suppose that you were using ToF ERDA and you ceejshrate the N recoils but not the Si or Ta ones fthe
backscattered spectrum. Then the batch file cadH like

sample.n 10. ngeo sample
sample.rbs 10. rbsgeo

sample.si 9.8 sigeo (2)

sample.ta 10. tageo (2)

Whereby the RBS and the Si and Ta ERDA simulatedtsp would be added up, and it would be fitteduliameously
with the N ERDA spectrum.

Note that different charges are allowed (from &#kin earlier versions, only the charge of thetfone was used, and
the other values were simply ignored). This is bseathe detector may have different efficienciesdifferent ions,
and also for funny filters in PIXE (see section®3lbelow). During the fit, the ratio of the chasge kept constant at
the value given in the SPC files. That is, theoratill not be changed.

WARNING : A spectrum cannot be attached to another oneanlitigher number. So e.g. the following is notatid:

sample.n 10. ngeo sample
sample.si 10. sigeo (4)

sample.ta 10. tageo (4)

sample.rbs 10. rbsgeo

3.3 Simultaneous detectors

Furthermore, suppose you measured HI-ERDA of a © B sample. The backscattered particles plus dailearen't
separated, and you analyse them as a single spedut, the O, C and H spectra are treated separateu can do all
this in NDF with one of the SPC files (which worka completely equivalent way):

ti_a.rbs 0.84 rbs15 i ti_a.rbs 0.84 rbsi5 ti
ti_a.rbs 0.831i15 (1) ti_a.rbs 0.83 ti15 (1)
ti_a.o 0.84 015 [1] ti_a.0 0.84 015 [1]
ti_a.c 0.84 c15 3] ti_a.c 0.84cl15][1]
ti_a.n 0.86 h15 [3] ti_a.h 0.86 h15][1]

The difference between "ti_a.rbs 0.84 til5 (1)" dtida.o 0.84 015 [1]" is that (1) means the cpen is
superimposed, while [1] is treated independentith its ownc?. In both cases, the charge ratio will be keptultmut
the fit.

WARNING : A spectrum cannot be attached to another oneanlitigher number. So e.g. the following is notatid:
sample.n 10. ngeo sample

13



NDF v9.3a 12Mar10

sample.si 10. sigeo [3]
sample.rbs 10. rbsgeo

3.4 Same energy calibration

Suppose you measured several spectra of the sanmmesthe same day, you didn't touch the electrorécsl you
simply have complete certainty that the energybeation is the same in all of them. You want toN&F fit the energy
calibration, but you want it to remain the samedeveral of the spectra. You can do this in NDF:

f .rbs1 5.00 rbs15 ti
f rbs2 6.30 rbs2 {1}
f erda 4.8erd (1)

In this case, the {1} in the second line means thatenergy calibration in the file rbs2.geo will lgnored, and it is
that of rbsl.geo that will be used. (As for therdhiine, this would mean that an ERDA spectrum walected

simultaneously with the first RBS spectrum. Sinbe tletected particle is different, the enrergybcation will of

course be different.)

WARNING : A spectrum cannot be attached to another oneanltigher number. So e.g. the following is notwaéd:
sample.n 10. ngeo sample

sample.si 10. sigeo {3}

sample.rbs 10. rbsgeo

3.5 Verbosity

The verbosity flag defines what output are generates detailed in chapter 8. The default, whictvasbosity=0,
requires no action by the user. Higher verbositgléeto more outputs being generated. This is madechuding a fifth
element in the first line defining a sample, justathe STR file. For instance,

sample.rbs 10. rbsgeo sample 2
sample.si 9.8 sigeo (1)
sample.n 9.9 ngeo (1)
sample.ta 10. tageo (1)

Means that verbosity=2 is defined.

14
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4 The STR file: specifying the elements and/or moledes
4.1 The structure file *.STR

You do this by means of a file, that we call theusture file. You can give this file any name yoant (DOS
restrictions apply), but the extension must be .SH&e is one example of one such structure file:

100 5000
5

Au

0 500
01

58Ni

00

0.5
Sil1026.6
00

d

Si

00

S

4.1.1 Minimum and maximum layer thickness used int  he fit

The number in the first line is the minimum and imaum layer thickness that NDF will use in the fit (0" at/cnf).
NDF will never try to introduce layers outside thdignits. The second value (maximum layer thickhess (and often
should) be omitted altogether, and generally itds necessary to introduce it at all. Note thatl|snaues will mean
NDF might have to introduce lots of thin layerstake up e.g. a thick layer.

4.1.2 Number of elements / molecules in the sample
The second line is the number of elements or médequresent. In this case, we have 5. Maximum is 92

4.2 Telling NDF what the sample is made of

After the first two two lines, come blocks of thigees each, each block corresponding to one eleoremolecule:

The first line in a block defines the element orlerale. The second line defines a depth range wiheteslement can
exist. And the third line defines the concentratiange in which it can exist. These are explaimedaitail in the next
subsections.

4.2.1 Defining an element
If you want to have a given element in the fitfingt line in a block is the chemical symbol of thlement. If you want
to have say gold in your sample, just type in AW, Ar au. The natural isotopic composition willlsed.

4.2.2 Defining a specific isotope

You can also introduce specific isotopes, such%& @ar 58Ni. If you are analysing a sample wherel@ment as an
isotopic ratio different than the natural one, yan specify e.g. two isotopes separately (so eaehndll have its own
three-line block).

4.2.3 Defining a molecule or a compound of known co  mposition

Suppose you know that you have a given moleculgur sample. E.g. you could have a siliicon dioxialger. You
can introduce this in NDF by typing “si 1 0 2" (t8i 1 O 2” etc). In this way, NDF fit the moleculeomposition as a
whole, instead of fitting the separate Si and O @m& This ensures you have a physically meaningifikecule in
your fit.

You can have more complicated molecules as well:9Z O 1 N 2.3 or whatever else you fancy (withaimum of
78 characters including blanks in the moleculem@aand a maximum of 20 elements).

You can also define the density of the moleculd,(if at/cn? units, for instance in
Sil1026.6
The density of SiO2 is specified as 6.6¥1}/cnd.

WARNING : A maximum of 132 characters is allowed for thegldn of the molecule definition string.
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4.2.4 Defining a molecule of unknown composition

You can also have a molecule of unknown compositsoich as Al ?=1 N ?=1 O ?=1, in which case NDF fitithe
molecule’s composition. You may know the rationviedn some elements, and Al 2 O 3 N ?=1 is alsavatio(the
ration of Al:O will be fixed).

The values given are taken as initial guess.

BI/MCMC (see section 14 below) will also change toenposition in this case, and the result will lbeeg in the res
file.

WARNING : A maximum of 132 characters is allowed for thegldn of the molecule definition string.

4.2.5 Defining compound molecules / sub-molecules
You can have compound molecules such as
(Si1026.6)2(Co20Fe80090)3

Which will be, in terms of atomic compositon:

Si 0.133 Co 0.063 Fe 0.253 O 0.551

The densitites of each sub-molecule can also he.itpthe example above, SiO2 has a density of 88 at/cn?. The

total density of the compound molecule cannot lpaiinit will be calculated as the average (weighigdhe amount of
each sub-molecule, in the eaxmple above 0.4 fo2 % 0.6 for Co2Fe809) of the densities of thestituing sub-
molecules.

For sub-molecules that are one single elementpnoantration is given:

(Zn101)99( Pb)1

or

(Zn101)99( Pb3.296)1

To make explicit the Pb density.

WARNING : This changed in version 9.2q! In previous versjotihe concentration was mandatory. So NDF is not
back-compatible in cases where sub-moleculesavitimgle element are defined!

Both the atomic concentration within each sub-malecand the concentration of each sub-molecuke\alole, can be
fitted independently:

(Si10?=26.6)?=2(Co20Fe 800 ?=90) ?=3

Note that in the second sub-molecule, the Co:FRe imfixed as 1:4. Bl will also be done on thesegmeters, and the
result will be given in the res file.

WARNING : A maximum of 132 characters is allowed for theglh of the molecule definition string. And a maxim
of 5 sub-molecules is allowed in each molecule.oAB space must always be given between the coranthshe
elements and their concentrations.

4.2.6  Specifying the density of an element or molec  ule
You can specify a certain density for an elemenmnotecule. Just the density value, irf8t/cni, after the molecule
description, e.g. Si 1 O 2 6.6 for silicon oxidttw =6.6 10? at/cn?), or C 17.6 for diamond.

the density is actually used in real depth prdfiltechniques such as SIMS or lateral microbeam Rigée section
5.4.6). In this case, if used together with soraditionaly IBA technique, the density can actublydetermined. Then,
it can be a fit parameter. This leads to the syetgx

Si1027=6.6

or even in sub-molecules

(Si1026.6)2(Co20Fe800907=8)3

Note that NDF will only actually try to fit the dsity if SIMS+some other IBA are fitted simultanebyis

4.3 Specifying depth and concentration ranges for a givelement

Depth and concentration ranges where each givemesliemay exist can be given to NDF. They don't havee given,
but if you have extra information (for instance uyknow there is a surface oxide in a Si samplen thou should
introduce it at it will make NDF converge fastedanore accurately.

Do not make the constraints too rigid - if you thim given element exists only in the depth rang@ 28000, put as
limits for instance 0 - 10000. Often the samplesrat exactly what you expect them to be.
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Also, make sure you don't define impossible samgfegou have two elements and specify that onstexn range 0-
500 and the other in range 600-1e10, then notlsiadiowed in range 500-600, and the fit is goingaibmiserably.

4.3.1 Defining the depth range

The second line defines the depth range (it @4fcnf) within which the element can exist. The fit wikkver try to
introduce the element or molecule specified outfilerange. Typing “0 0” means no limit. Pleas¢erthat if you type
in tight, surface-near, limits for all elements g@rt, NDF will still have to find something to patt high depths, with
consequent silly results.

4.3.2 Defining the concentration range

The third line defines the concentration rangen(f@to 1) within which the element can exist. Thevill never try to
change the concentration of the element or molexpeeified outside this range. Typing “0 0” or “Orkeans no limit.
You can also specify that one given element or mdée must exist in delta layers only, that is, wéither 0 or 1
concentration. This will mean this element will alyg be in sharp layers. To do this, instead ofniypin a
concentration range, just type in a “d”.

You can also tell NDF that you wish one particiddgment or molecule to be the substrate of the kEarp do this,
instead of typing in a concentration range, jupetin a “s”. Then, NDF will automatically createhéck layer with this
element or molecule only, at the bottom of the damim this case, you should give either no limitthe depth or a
very large value.

WARNING : Sometimes conflicts between different concerdgrdtepth limits can occurr. In those cases, whieh a
very rare, the user-defined limits may not be retggk This can also lead to unexpected increasb® ichisquared.

4.4 Specifying a concentration formula for one giveneshent

You can tell NDF that you wish one particular elett have its concentration defined by a formilais will not
work for molecules. To do this, you must type ie gecond line (that normally defines the depth eari§f or "F".
Then, in the third line (that normally defines tbencentration range) you must type the name offitethat will
contain the family or definition. An example is givbelow:

Co
f
gaussian.fr

The file will contain the formula, as well as iaitivalues for the parameters, as in the examplkengbelow:

a0*exp(-(t-al)"2./(2.*a2**2.))
05011

1000. 0 2000 1

200. 1. 500.1

The parameters (that will also be fit parameterSimAnn or local search) must be named a0, al,..Aafaximum of
10 parameters is thus allowed. The formula may dégzend on t, which is the depth in*1at/cnf units. Besides the
parameters, the family thus supports brackets #sawall the common operators. The maximum lemgtthe formula
is 250 characters. The operators supported aras(ttsra Fortran manual for the definitions):

+, -, *, [, " (equivalent to **), sin, cos, tan,imsacos, atan, sinh, cosh, tanh, sind, cosd, fagdlog10, nint, anint, aint,
exp, sqrt, abs, floor

After the formula as such, come lines, one permatar (excluding t ), starting with a0 and contirguiln each line, the
first number is the initial value for the paramefEne two following numbers are the limits of vdida in the fit. The
final number is 0 if the parameter is not allowedhange during the fit, or 1 if it can change dgrihe fit.

Please note that only one element can be defireddh a formula. Also, at least one other elemenholecule must
be present in the sample definition. The compasitbthe element defined through the formula iediy the value
taken by the formula, clipped to the interval [Q, The composition of the other elements will baled accordingly.
The composition of a given internal sublayer attdeis then set to:

composition = formula(t) x compositi@thent from_formuiat [1-formula(t)] x compositiog,wix
As an example, suppose that you have the followingcture file:

100
2
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Si102
00

00

Co

F
gaussian.fr

Where the formula evaluates to zero, the compasitfcthe sample will be Si 0.3333 O 0.6667 Co OwNake depth
900. The composition of cobalt is 0.441, becausddhmula evaluates to 0.441 at that depth. Thhescomposition of
Si will be (1-0.441)x0.3333 = 0.1863, and the cosifion of O will be(1-0.441)x0.6667 = 0.3725.

WARNING : Please note that the concentration constraintshi® matrix elements apply to the matrix compositi
before the formula has been taken into accouns fri@ans that the effective concentration of a matéament may, in
some cases, be outside the constraints input byste

WARNING : Please note that in a simulation or local sedstarting in ndf.prf, see section ), the ndf.pté fimust
include a column for the element defined by theniala. This column should consist of zeros.

WARNING : Please note that the density values given ingbalt file are calculated for the matrix, not ddesing the

element defined by the formul/ARNING : Also, Bohr or Chu straggling (see section 12.4) wot take into account
the element defined by the formula.

4.5 Specifying the presence of roughness, voids, indas, quantum dots
This is also done in the str file. See chapter 13.
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5 The GEO file: specifying the experimental conditios

5.1 The geometry files *.GEO

You specify the experimental conditions, as weltakulation options, by means of a file, that va#l the geometry
file. You can give this file any name you want (D@Strictions apply), but the extension must beOGHere is one
example of one such file for helium RBS at 1.5 MeV:

2 (line 1: data format. See sectibrror! Reference source not found)

50 400 (line 2: Region of Interest for fit - upSponly 1 for data types 11 and 12. No comma altywe

4He 4He (line 3: beam in, beam out. 35CI Si wdiddheavy ion ERDA, detecting Si)

1500 (line 4: beam energy in keV; for NDP, crosgise in milibarn)

17 (line 5: FWHM energy resolution in keV)

ibm (line 6: geometry: ibm, cornell, or general.)

0163 (line 7: angle of incidence - 0 means nornaald scattering angle; exit angle for general geg)

7.2 (line 8: detector solid angle in msr)

2.653 80.7 (line 9: energy calibration, gain in ke&f channel and energy at channel 0 in keV)
guadratic energy calibration is also possible.

This example is exactly the same, except for thepression of the data that will be made in thelfata format type 2
has 512 channels, but here they will be comprets&@b6. Another difference is that the FWHM is m@onstant, it
changes linearly with detectd energy: FWHM = 17.010  ctected

2 256 (line 1: data format. See sectiemor! Reference source not found;, numer of channels aftey
compression (power of 2)

50 400 (line 2: Region of Interest for fit - upGponly 1 for data types 11 and 12. No comma altywe
He He (line 3: beam in, beam out. “He” means averagss will be used, which is not accurate!
1500 (line 4: beam energy in keV; for NDP, crosgise in milibarn)

17 0.01 (line 5: FWHM energy resolution in keV, dimdar term)

ibm (line 6: geometry: ibm, cornell, or general.)

0163 (line 7: angle of incidence - 0 means nornaald scattering angle; exit angle for general geo)
7.2 (line 8: detector solid angle in msr)

2.653 80.7 (line 9: energy calibration, gain in ke& channel and energy at channel 0 in keV)

Both examples include only those things that aradatory in the geo files. Many other optional codeds, specifying
special experimental conditions or calculation/datian options, can also be given. These come awafier the
mandatory 9 lines.

5.2 Data type: line 1

You have to specify which of the many data typgspsuted by NDF that you are using. This is the nemimu have to
put in the first line of the geometry files. We valike to introduce RUMP format, but we would neeakily usable
Fortran code for that.

©CoOoO~NOOOUITPr,WNEO

512 channels in single column

512 raw XRBS output (Surrey format)

512 normalised XRBS output (Surrey format)

13 line header, 512 channels in single column

1024 channels as 128 lines of 8 columns

512 channels in 512 lines and 2 columns: secoham is read

1024 channels in 1024 lines (single column)

1024 channels as 256 lines of 4 columns

13 line header, 1024 channels in single column

13 line header, 256 channels in 256 lines andl@ms: second column is read.

10 256 channels as 64 lines of 4 columns.

11 2048 channels in two columns, second is readn@¥d from v8.2d on.

12 Limited and unkown number of channels. Two calansecond is read.

13 13 line header, 256 channels in 256 lines ofdalamns: second is read

14 Ortec binary data. 12 bytes, live time in 20intsements (4 bytes), 16 bytes, 512 4 byte integers

15 Ortec binary data. 12 bytes, live time in 20 imsements (4 bytes), 16 bytes, 1024 4 byte inwgeill be

compressed to 512.
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16 PNL ASCII data. 5 lines header, the first on84scharacters then the livetime (i6). Then follb®24 channels in
two columns, second is read

17 Unused. Reserved for PNL binary

18 512 line header, 512 channels in 512 lines atml@mns: second column is read

19 1024 channels in 1024 lines and 2 columns: skcolumn is read

20 Header: 1line tells how many in total in header. 128 chasire3 columns: 9 is read.

21 Garching: 10 line header, 1022 channels in lofes0 channels (last line 2). Two channels withozeounts are
introduced at the end by NDF.

22 Ortec binary data. 12 bytes, live time in 20incsements (4 bytes), 16 bytes, 2048 4 byte integer

23 Redundant from v8.2d on. Equal to 22.

24 Header: 1line tells how many in total in header. 512 chasiie3 columns: % is read.

25 2048 lines, single column.

26  Axil output for use in conjunction with LibCPIX{See section 5.4.5 below).

27 1024 raw XRBS output (Surrey format)

28 GUPIX output for use in conjunction with LibCAE{see section 5.4.5 below).

29 1024 channels in 64 lines of 16 values each

30 256 channels single column

31 32768 channels in single column

32 NRP data format in two columns: beam energydyie

33 SIMS (or other real depth profiling techniquatadformat in two columns: depth in nm, normaligeeld or any
other quantity measured that can be somehow ttadsiato an amount or concentration of materialtaDa this
format will be treated in log scale, i.e., they assumed to have a faint relationship to elemeamatentrations
due to problems such as the strong non-linear digree of sputter yields with sample composition.

34 SIMS (or other real depth profiling techniquatadformat in two columns: depth in nm, normaligegld or any
other quantity measured that can be somehow ttadsiato an amount or concentration of materialtaDa this
format will be treated in lin scale, i.e., they assumed to have a clear relationship to elemeatalentrations.

Please note: for all data formats other than 4,22, 14, 15, and NRP and SIMS, NDF will thinkttttee first channel
in the data is the real time in seconds, usech@iptleup correction. See section 11.5 below. Ehisiportant, as a fake
pileup correction will lead to bad results. Foradgipe 4 (Lisbon), NDF thinks the first channettie live time, and the
second the real time. The real time is used forpifeup correction, while the live/real ratio isedsto correct the
nominal charge.

You can also specify in this line a given comprasgisee section 7.3.2) for the corresponding spectSuppose you
specified data type 29, which has 1024 channelsp&e you are analysing many spectra simultanecasti/that you
want to use 256 channel compression for the otpectsa (because they don't have much resolutiooy ¥an use
compression 2 (leading to 246 channels as defati#n running NDF (see section 7.3.2), but if yantto keep the
1024 channels for this one, write simply

291024

This will override the default.

5.3 ROI: line 2

If you are doing a simulation only you don’t hawetother with this line, just put two integer numelf you are
making a fit, you MUST - the fit will only care abbthe channels within the ROI. Some subtle points:

You can specify multiple ROIs, up to 5, such as

100 200 250 300 290 500

In this case there are three ROIS; note that char® to 249 are ignored, as well as all chanhelsw 100 and
above 500. Note also that channels 290-300 aremprésboth the second and third ROI - so they béllcounted twice
to calculate the? This is a strange way of giving more relevancéhat part of the data.

For NRP and SIMS, the ROIs are the data point numbe

Inputting 0 0 makes NDF use the entire range abfiailor calculation.

WARNING : Even more strange and leading to strange regujtsu don't pay a lot of attention to this: The R®
what NDF calculates before convolution with therggeesolution. So the yield before the first chalrin the first ROI
is never calculated. After convolution, the yieldand this channel will look like a smoothly incsézg integrated

Gaussian function. This region is of no use for fiheSo some channels, from the first ROl chant@lthe channel
where the effect of convolution is no longer visibWill be ignored in the? calculation. That is, some channels are
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lost. If straggling is very strong, it can be adbtchannels. The res result file will output tlealrROI used in the fit.

5.4 Experimental technique: line 3

541 RBS
If the incident and detected ions specified in ge@metry file are the same, NDF will automaticalsume it is an
RBS experiment. The same happens in a single iy Bnnput here.

You should use the correct isotope, i.e. 4He anidHeo- otherwise the average elemental mass willdssl, leading to
extra inaccuracy.

542 ERDA
The recoil ion must be specified in the geomets;, fas indicated above. If the incident and detkias are different,
NDF will automatically assume it is an ERDA expeeimh If they are the same, it will automaticallgase it is RBS.

5.4.3 Non-resonant NRA

For NRA, you have to introduce the whole reactiogether with the Q value (in keV), e.g. “d 3He 4H¢ 18352 1H"
if you are using a 3He beam to profile deuteriung gou measure the proton that is generated with8@52 MeV. In
this case, you must also introduce the cross seetitues in mbarn - section 11.1 below shows hasvishdone.

Cross sections are calculated internally for D(RhiHle and D(3He,4He)p, following [1] (they can hened off
simply by inputing different files as describedsiction 11.1 below). Otherwise, if no cross-sedtiare provided, NDF
will assume they are equal to 1 mb/sr (differentialss section in the laboratory system) indepethdenenergy.

It is important to specify the isotopes since th&calations depend on the small mass differencesdas in and out
channels.

The cross section will have to be input by the user

5.4.4 NRP (resonant NRA, PIGE, whatever)

For NRP, the technique is actually defined by taadormat in line 1. Any format, such as 32, teadefined as “NRP
data format”, will make NDF calculate NRP.

In this line you have to introduce the incidenttjoée and the target particle that suffers the tieace.g. “1H 7Li" for
protons reacting with 7Li.

In this version of NDF, it is assumed that the dige particle has an infinite range. If the detégierticle is stopped in
the sample, this effect will be ignored.

The cross section will have to be input by the user

For NRP, where the system FWHM is normally inputgl5 in the GEO file), the value there will be @akto be the
beam energy spread plus Doppler effect. If a sesmhge is given in line 5, this will be taken ag ttesonance width
and used to help determine the integration step.

Please note that most NRP codes assume constapingtcand constant straggling. NDF does not, it mibke the
calculations energy-dependent. This makes senghifirtargets, but in fact not much sense for higgolution surface
layer analysis, where it simply leads to slow ckltians without extra accuracy.

5.45 PIXE

The freely dsitributed NDF does not currently supBiXE.

NDF uses the C LibCPIXE library rewritten by CarlBascual-lzarra based on the DATTPIXE code [2,3lenrby
Miguel A. Reis. LibCPIXE is free code under a GRtehse: see http://cpixe.sourceforge.net/. An iexdimited
permission from its authors has been obtainedntoNIDF with LibCPIXE. See the informative LibCPIX#anual "
LibCPIXE: the Physics behind it" on either webgltdoCPIXE or NDF). Please contact the authorsfother details:

Carlos Pascual-lzarra: carlos.pascual@uam.es
Miguel Reis: mareis@itn.pt

NDF recognises PlXe by putting in line 2 of the GH#©
1H x

LIMITATIONS:

- LIbCPIXE is only for protons. This is because thess-section functions are quite different foaheions and are not
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implemented.

- Secondary fluorescence is not calculated siné fiiot possible with the current algorithms toreotly extend the
implementation for a single layer to multiple layén the general case (other programs also onbulzde fluorescence
approximately for multiple layer samples in the gieh case, since they are limited to the case evbach element in
the sample can appear in only one layer).

- Only the Kalpha and Lalpha lines are used fainfit This is because for these lines the prodnatross-sections are
well known (since fluorescence has a relatively Isrffect). This is a general limitation on acaerd?IXE due to
uncertainty of these fundamental parameters.

LibCPIXE does not simulate and NDF/LibCPIXE does fitcthe raw PIXE spectra, but the areas of tHevant X-ray
lines, using as input the output file of AXIL [4The data type in the GEO file must be 26 (seei@edrror!
Reference source not found. One example of a geometry file (with a two-lajet in front of the detector) is given
below.

Uniquely for PIXE programs, NDF/LiIbCPIXE is capaldf a self-consistent analysis of multiple PIXEdpa from the
same sample, together with (optionally) other IBABE/EBS/ERD/NRA) spectra. NDF has one formal litiota for
multiple PIXE spectra (but not for the other tecjugs): the foil in all PIXE spectra must have thee foil elements,
although its thickness and composition can chamgeden detectors (hint: suppose you measured 2 Bp¢Etra, one
with and one without foil. In the one without, utl.e-20 as thickness. Also, if you used diffefeits in different PIXE
experiments of the same sample, you can alwaymhgth foils all elements, and put as concentrafiee-20 for those
elements that are not there).

26 (line 1: data format. See sectiemor! Reference source not found)

50 400 (line 2: ignored in PIXE)

H x (line 3: beam in is a proton, beam out is Xs)ay

1500 (line 4: beam energy in keV)

17 (line 5: ignored in PIXE, but must be here)

ibm (line 6: geometry, either ibm or cornell. Sqomggneral geometry is not implemented)
0163 (line 7: angle of incidence - 0 means nornaaild scattering angle)

7.2 (line 8: detector solid angle in msr)

calib.det (line 9: name of the detector calibrafita for format see below)

foil 2 (PIXE allows energy filtering foils with manayers, while RBS/ERDA/NRA one single layer!
30000C1H1 this means that the way of introdyithe foil is slightly different in PIXE)

5000 Al 1

Format of detector calibration file
The detector calibration file contains the instrata¢function, that is, the detector efficiensyaafunction of energy.

This can be determined as usual using a spectrum drcertified standard. The efficiency is spedifies a two-column
file of energy (in keV) and the absolute efficientetween 0 and 1) (that is, of a gr detector) at that energy; and
(optionally) by specifying the efficiency for a gjiged X-ray line (see below). The symbolic infaation, if present,
will override the numerical information. Interngll LibCPIXE converts the numerical information $gymbolic
information, but we give it in this format to engslise to the user that we are effectively intefpajathe calibration
function.

The keyword
EFFIFILEVERSION3
Must be present

The keywords arBETECTORCURVE(mandatory) antdINEEFFICIENCIES(optional) (in that order). (LIbCPIXE is
case insensitive and accepts any blank space sapartab, space or end of line. The number fdrisdree: integers,
reals or scientific notations are accepted.)

The format accepted after théNEEFFICIENCIESkeyword is: one line with 4 items per X-ray linezero, atomic
symbol, "Ka" OR "La", efficiency. Using this forrthe efficiency for the the K line of an elemefadr(example) can
be changed without specifying a value for the k Ifwhich will be determined from ti2ETECTORCURVEsection).

Note that although the sum of th& and 2 lines is used, this is without any loss of gafirsince it is the X-ray line
areas extracted by AXIL that are used instead efdlv spectrum.
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Typical use of NDF/ LibCPIXE to obtain and use thdetector calibration file

To find the detector efficiency function first ransimulation of the standard sample withtlNEEFFICIENCIESand
with a DETECTORCURVEentry of "0 1 100 1". This sets the efficiency1l®0% for all energies (between 0 and
100keV). The efficiency function is then obtair®ddividing the calculated line areas by the obsdrenes. This can
then be smoothed and interpolated as necessane (&inwill be as sparse as the particular standaetl), and re-
entered explicitly as BETECTORCURVIEENtry.

Alternatively, the simulation can be run with 'lftayers" entries in the geometry file to model thetector electrode
and dead layer. This will give a more accurateasgntation of the low energy efficiency behavioand which the
user can adjust manually to fit the data better.

To avoid anomalous behaviour at the absorption ®ddlee user must give two entries at the energhefabsorption
edge in thdDETECTORCURVEection, where the energy is represented by time s&ring. Additionally the user must
give the efficiency at the absorption edge eneygmgimlically in theLINEEFFICIENCIESsection.

Note that at present the high energy efficiencyi¢iialls due to the finite detector thicknesshdd modelled.

Files that must be present in the WiNDF directory

The following files must be in the WINDF directomyhich is the same directory where ndf.exe andstbpping files
are:

xabs.abs

SC_PRA74.fck

xener.dat

Scoef.95a
Scoef.95b

The last two mean that LibCPIXE uses ZBL95 stopminty, no matter what the user specifies.

5.4.6 SIMS (actually, any real depth profiling tech  nique)

In real depth profiling, some signal is measured &snction of real depth, as opposed to arealijeas in most IBA
techniques. We call this "SIMS", but it can be aogh technique, for instance when using a microrbaa the lateral
side of the sample.

For SIMS, the technique is actually defined by diaga format in line 1. Any format, such as 33 addtBat is defined
as “SIMS data format”, will make NDF calculate SIMS

In this line you have to introduce the incidenttjzde and the target particle that suffers the tieace.g. “1H Au” for a
proton beam used laterally to measure the X-ralgfiem Au. In version 9.3a, the incident particdenot used in any
calculation, so it can be anything.

The resolution values given in line 5 of the GEI® {see below), are for SIMS different than for diber techniques;
the resolution is given in nm. A linear stragglvejue in nm per nm of sample crossed can alsovandnormally, this
can be zero) as a second value in line 5 (wherguhdratic term is given in the other techngiues)

In version 9.3a of NDF, the roughness models allenst used for SIMS, which is bad; in the presemd roughness
the user must compensate manually for this, byndiigher depth resolution and/or straggling thaai.re

For other technqiues, the energy calibration ismadlly given in line 9. Given that scales can beiteaty, such as
sputter time, we allow for a "gain" which is aedit conversion of whatever unit is in the file imm (it can even be
negative). In lateral ubeam PIXE the data normigllym, so this would then be 0.001; and very oftenpbsition of

the surface in lateral ubeam PIXE is somewhatdfirted, so an offset (in nm) is also allowed. Ryfadlt, the gain
does not change during the fit. to make this dlitgparameter, the user should use NDF.TCN (sé®reLbelow).

Finally, a sensitivity must be given. That is, aneersion factor from atomic fraction into whatevguantity is

measured. A subtle point: the charge-solid angbelyet is also used to multiply the atomic fractiso;the calculated
signal will be:

calculated_signal = charge x solid_angle x seriitkvatomic_fraction

This is because the sensitivity is some sort of€igection, and it can be the same for differeattsa with different
collected charge (e.g. in lateral ubeam PIXE)

This sensitivity is given via a file in the sameythat non-Rutherford cross section files are gi(@ee section 11.1
below). The format of the file is ASCII two columrfirst column is atomic fraction (from 0 to 1),cemd column is
sensitivity. For lateral microbeam PIXE the sergifishould be the same for all atomic fractionst BIMS, it can be
(and almost always is) an extremely non-linear fiamcof the concentration.
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It is this extremely non-linear behaviour, whichtie case of real SIMS is even worse since it charigppm layer to
layer, that makes SIMS a semi-quantitative techmigtibest. NDF does not even try to give differemtsitivities
according to the matrix composition, so for reaISINDF will only produce reasonable results for uripes in a
fairly constant matrix.

So, for data format 33, NDF will take logarithmadawill fit logarithms; this means that any fit theaguely resembles
the data will be considered "good". This is morprapriate for SIMS proper.

For data format 34, the data wil be taken as gasit is considered to befully quantitative. Tisisnore appropriate e.g.
fro lateral microbeam PIXE.

5.4.7 NDP: Neutron Depth Profiling

This is very similar to non-resonant NRA, excefttthe beam is made of neutrons, that for thistimaourpose are
not stopped in matter. The input is exactly the esas for NRA, but as beam just write down "nn","'"n"NN".
Remember that for each reaction that you wish @lyae you will need one geometry file .GEO. E.g.%d(n,a)’H,
where both the alpha and the tritium can be dedegtau will need two geometry files, with "6Li nitHé 3H 4782 4He"
and "6Li nn 4He 3H 4782 3H".

The cross section must be input in the line whereother techniques the energy of the beam is gitret is, directly
under the reaction definition. This must be in balin! Note that the cross sections for NDP are atynon the barn
range, so e.g. fdLi(n,a)H, which has a cross section of 940 b, you musiti@g0000. NDF will automatically consider
the neutron energy to be 25 meW/ARNING : Any cross section file given explicitly (see sent11.1 below) will
override the cross section defined here.

In NDP there is a background with approximately G312 shape. NDF will guess a first approximation tasthi
background (via the a and k parameters). If youtwaret them change during the fit (which you doce the first
guess is not very good), you have to use NDF.T@d &ection ).

5.5 Beam energy: line 4
In keV.

If you want the beam energy to be a fit paramefeu, introduce in the same line a second numbergiwisi how much
it change either way. For instance

2000 10

Means the beam energy will change between 1992@hd keV.

Be careful not to give such a large variation thabuld go negative!

This is ignored for NRP.

5.6 Resolution: line 5

5.6.1 RBS, ERDA, NRA

FWHM, not sigma. In keV.

NDF also supports FWHM that changes linearly wittedted energy. To make FWHM = 20 + 0.Qili&eq line 5
should be:

200.01

If you want the FWHM to be a fit parameter, youaduce in the same line a third (and fourth) numiadiich is how
much it change either way. For instance

200.30

Means the FWHM changes between 17 and 23 keV. thatethe second number is always the linear fasmifor a
constant detector FWHM, the second number musehee z

20 0.01 3 0.001
Means there is a linear factor and it is also pdiameter.
Be careful not to give such large variations that FEWHM could go negative!

5.6.2 PIXE
Not used, but must be in the file.

5.6.3 NRP (PIGE, RNRA)
This is the FWHM in keV of the combined beam enesgyead and Doppler effect (Gaussian shaped).i$hist a
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fitable parameter in this case.

If two values are given, the second value is tisemance width. This will be used in determiningititegration step in
the calculations, making it as fine as neededolf ljave a very fine resonance and don’t input itkhwhere, NDF may
produce inaccurate results in the very surface.

5.6.4 SIMS
This is the depth resolution FWHM in nm of the teicjue. It must include any effect of roughness.

If two values are given, the second value is aygtmag value in nm per nm.

5.7 Geometry type: line 6
IBM, Cornell, or general. Ignored for SIMS.

5.8 Geometry angles: line 7
Ignored for SIMS.

5.8.1 Definition of angles
For IBM or Cornell geometry, two values are needealr if they are fit parameters (the last two e variation
range). For general grometry, three values areatkeilx is they are fit parameters. They are:

angle of incidence, angle of scattering (and anfjkxit in general geometry)

The angle of incidence is the angle between thidémt beam and the normal to the surface, whilestdadtering angle
is the angle between the direction of incidencetaedlirection of detection.

The sign definition of the angle of incidence irMBjeometry is: The sign definition of the angleimdéidence in IBM

geometry is: negative when the sample surface risetlaway from the detector, i.e. sample normalatdw the

detector, positive when the sample surface is tutowards the detector, i.e. sample normal awamy ftlee detector.
For forward scattering (or ERDA), this means tha &ingle of incidence and the scattering angle maxst opposite
signs. For instance, for (in the commonly used ERi®finition) 15° angle in (with the sample surfaa@d 20° out
(with the sample surface), the angles must be 385¢i.e. 35° scattering angle, and 75° tilt angi€§° -35° would also
work), in the IBM geometry.

angle of incidence = Q°

angle of incidence > Q°

angle of incidence < Q°
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In complex ERDA spectra, it | spossible to haveertban one atomic species hitting the detectintgsysor instance, in
He-ERDA, both*H and®H (d) can be detected, and their spectra mighupersnposed. Also, the forward scattered incident
beam ions can also be detected. NDF can handieealt situations, the way to do it is describeskition 3.2 above. One
geometry file per detected ion must be prepared.

5.8.2 General geometry
The angle of incidence and of scattering are ddfaefor IBM and Cornell geometry. The angle ot é&xbetween the
detection direction and the normal to the sample.

5.8.3 Transmission geometry

Implemented for all techniques, safe for PIXE. Ansmission geometry introduced in the GEO file vi#
automatically recognised as such. The minimum egatf angle accepted is 2°, but the Rutherfordscsestion is only
verified exprimentally down to 15°. On-axis STIMnst implemented.

5.9 Solid angle: line 8

Given in msr.

5.10Energy calibration: line 9

5.10.1 RBS, ERDA, NRA

Linear and quadratic energy calibrations are althweor linear energy calibration, input gain (invkehannel) and
offset (in keV), e.g.

2.550

If the gain is 2.5 keV per channel and the energghannel 1 is 50 keV. For quadratic energy calibna input
guadratic term, gain, and offset.

5.10.2 NRP and PIXE

This is ignored in NRP and PIXE.

5.10.3 SIMS
Only linear calibrations is allowed. This transfarmhatever quantity is given in the x scale intptden nm.

5.11 Detector efficiency

Except for PIXE (and for particles stopped in thead layer of the detector if it is specified, seetisn 5.13), NDF
considers a 100% detector efficiency. For PIXE,dbtector efficiency is an integrant part of th&XPlcalibration.

For the other techniques (NRP is different, seevglit is possible to specify any given energy-elegent efficiency.
The yield will be multiplied by this efficiency. Bfollowing must be written:

effi effi_file

Where effi-file is a two column file, in format (ergy, efficiency). The energy column corresponddetected energy,
i.e. after any foils and after the dead layer. &fiiciency column is 1 for 100%.

For NRP, the detected energy is not a parametéhidrtase, a single value of the detector effiyas given:
effi value

Where value is 1 for 100% efficiency.

Ignored for SIMS.

5.12Foil or delta-E detector
5.12.1 RBS, ERDA, NRA, NDP

26



NDF v9.3a 12Mar10

You tell the computer that you used a stopping foil a delta-E detector) simply by typing it at thed of the
appropriate geometry file. For instance, if youdadx16° at/cnf thick Mylar foil, you type

Foil 30000
C10H804

If on top of that you also have a 3%i@t/cm2 think Si delta-E detector, you must find thtal thickness and average
atomic composition, which in that case would be

Foil 60000
C1l0h8o04si22

An alternative is to use for the Si the “detectead layer” option described in section 5.13 below.

5.12.2 Foil thickness inhomogeneity in RBS, ERDA, N RA, NDP

Any inhomogeneity in the thickness of the foil lsad extra straggling. This can be calculated by=NBy inputing the
standard deviation of the foil thickness, for imstex

Foil 30000 5000

Cl10H804

If you have a 3x18 at/cnf thick Mylar foil with a 5x168® at/cnf thickness inhomogenity (standard deviation of the
thickness).

WARNING : Note that this is very different than what canifqaut in the input file of DEPTH, where it is FWHRENd
in micrometer. See section 12.1 below.

WARNING : If straggling is to be calculated with DEPTH, thalue for the foil inhomogeneity that is giventhme
GEO file takes precedence. Whatever is in the DERipt file (see section 12.1 below) will be igndr@nless no foil
inhomogeneity is given in the GEO file.

5.12.3 PIXE
For PIXE this works differently, since it is not RQhat makes the calculations, but the LibCPIXEdily (see section
5.4.5 above), which supports foils with multiplgdas. The syntax is then e.g.

foil 2
30000C10H804
30000 Si 1

the layers are given in order of proximity to tl@mple: so, in this example the beam leaves the Isaama crosses a
Mylar foil, then crosses a Si foil, then reaches dietector.

“Funny filters” are often used in PIXE. These ammally filters where a given % of the area is Bpler even a
completely different material. NDF supports thierfr 8.2k on. The user must prepare two differentnugtoy files,
absolutely equal except for the foil compositiormmt&lthat exactly the same elements must be givéotim geometry
files - so if in one of them there is no foil, theer should nevertheless introduce a foil withshme elements but with
thickness e.g. 1.e-5. Then, the user must uselihsyftax (see section 3.2 above) for “multipleedétd ions”, for
instance:

pixe_data.file 60 gl str
pixe_data.file 40 g2 (1)

in this case, g1 and g2 are the two GEO files.istaince, gl includes foil., and g2 haszro thickness (i.e., it
corresponds to the holes). The area of the holé8%. The total charge was 16C. The (1) syntax means that NDF
will add the results of the second calculationh® first one. The ratio 60:40 is kept constantryithe fit.

5.13Dead layer and non-ionising energy loss in the d=te

You may include the dead layer of the detectoh@ndimulations, and also take into account thanhtiwear collisions
in the active layer of a Si detector do not coniébto the formation of electron-hole pairs. Sep keennard et al.’s
work [5]. This will mean you also have to do theemgy calibration taking these effects into accoBge [6]. The
syntax is (include these lines at the end of th©Gile):

Dead 250
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Sil
for a deadlayer 250x10at./cnf thick, composed of Si. DEAD and Dead also work

And
nil (or NIL or Nil)

to make NDF take into account the non-ionising gpéosses. This is calculated for He and H isatopecording to
Lennard's algorithm [5], but accurate electroraingcalibration may not be possible with the samkee for different
particles striking the detector.

However, some energy, even being initially transf@rto recoils in a non-ionising process, is fipalbnverted into
electron-hole pairs due to ionisations producedthy recoils themselves. This is Z-dependent but reergy
dependent. The scaling constamtmay be obtained, for each detected ion, by cormspariwith Monte Carlo
calculations (e.g. with SRIM2003) at a single refare energy and scaling appropriately for that ggnefhen the
scaling constant can be introduced in NDF as

Nil h

Carlos Pascual-lzarra and Nuno Barradas calcutafed different beams. The results, used as defalNtDF, are:

0.7

h = 0.559 + 0.0109 A - 9.103x10™ A% + 1.864x10° A% - 1.090x10” A*
L. for A <56

h = 0.654 - 0.00288 A + 5.898x10° A |
for A>=56

5.14Foil between the beam and the sample

This may be used to tune the beam energy. NDF stgpoe single layer in such foil. The syntax is:
beamfoil 30000

C10H804
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6 The GEO file part 2. advanced calculation options

The geometry file can also be used to specify gelaange of calculation options. These will appiyydo the spectra
that correspond to the geo file in question. Iis thiay, the user can for instance use Chu stragfing near-normal
incidence spectrum and a full MDEPTH calculation #ograzing angle spectrum taken from the same Isampis
gives the user complete freedom over every detafieocalculations.

This made by codewords, which are include in the fije, at its end, that is, after line 9. No s@arder is required.
Commands override each other, for instance if $@r €irst specifies Bohr straggling, and then Chaggling, the last
specification prevalils.

Options up to 6.10 are bona-fide calculations, sewa them based on advanced physics and algositkinom 6.11 on
they are increasingly not so quite bona-fide andaalyice is to use them with much care.

6.1 Stopping power

By default the stopping power is ZBL1990. ZBL95 a®RIM2003 (with any later version also supported also
supported, but the user must download/obtain thgereive executables from www.srim.org. MSTAR i®grated into
NDF. See chapter 10.

The user can also scale the calculated stopping @liven element by a constant factor.
Given elemental stopping powers can be loaded itéyser, overriding the tabulated ones.
Molecular stopping powers can be input. In thisscéise Bragg rule is not going to be used.

Fitting of stopping powers is also possible. Irstbase, NDF will try to find the stopping curvettbast fits the data.
This is dangerous and can lead to huge errorstmatwlysis. Bayesian inference on the stoppingepawrve can also
be done. See chapter 15.

6.2 Beam charge state
The charge state of the incident beam as a funcfidtmeam energy input by the user. This will onjyused by NDF in
the calculation of the stopping powers, if theseZBL.1990, ZBL95, or SRIM2003. See section 12.®bel

6.3 Type of straggling

By default straggling is Chu with Tschalar effe€schalar effect cannot be turned off, but a ranfepions for
straggling is available, including using in run-éirthe state of the art code DEPTH. See chaptefd 2urn straggling
off, type

Bohr 0.

(chu 0. also works of course)

6.4 Shape of the straggling

NDF currently implements two types of functiongi&scribe straggling: Gaussian and gamma. See 3d@&i6.

6.5 Non-Rutherford cross sections

By default RBS and ERDA cross sections are Rutheénfdth Andersen screening, except for 4He ERDALHf and

2H, which are given in sections 11.11 and 11.12. MRA the only cross section included is for d(3tjéHe and
d(3He,4He)p [1]. The user can input any cross sed¢tind chose the units to be ratio to Rutherfonshioarn, and in the
lab or centre of mass system). See section 11.1.

Be sure to read and understand sub-section 11.1.7.
The user can also use L'Ecuyer screening, or ttfrecoeening altogether, see section 11.3.
Fitting of cross sections is also possible. In tase, NDF will try to find the cross section thast fits the data. This is

dangerous and can lead to huge errors in datasssiaBayesian inference on the cross section atamealso be done.
See chapter 16.

6.6 Accurate calculation of resonances
NDF simulates resonances quite accurately as Isnthe angle of incidence is not grazing (no code @arently
simulate well buried resonances at grazing angles,even using Monte Carlo). The algorithm is ubgddefault
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whenever a non-Rutherford cross section is inplé dser can turn this off (for instance if there ao resonances), or
turn it on for Rutherford cross sections. See eactil.2.

6.7 Electron screening

By default RBS and ERDA cross sections are Ruthérfaith Andersen screening. The user can also USeulyer
screening,m or turn off screening altogether, smian 11.3. If a non-Rutherford cross sectionnjsut by the user,
screening is not calculated as it is assumed thaaiready included in the cross section input.

6.8 Double scattering
Can be calculated as user option. It is slow. 8etm1 11.4.

6.9 Pulse pile-up

Can be calculated as user option, using differlgarahms. See section 11.5.

6.10Low energy yield correction
The yield at low energies is notoriously hard técakate. NDF includes an algorithm to improve tladcalation. See
section 11.6.

6.11 Ad-hoc plural scattering/channelling corrections

Different sorts of ad-hoc corrections to the cadted yield can be made, to obtain better fits. Thidangerous and can
lead to large errors in the data analysis. It carugeful if the signal affected is not importang(esubstrate) but is
superimposed ti the signal that needs to be ardilysee sections 11.7 and 11.8.

6.12 Generate apparent cross sections that lead to dqmeifit to your data

That's exactly what it sounds. In fact it can beamagfully used in at least one occasion: from asneed spectrum
with a non-Rutherfod cross section, simulate itwvatRutherford cross section while using this aptibhe result will
be the real cross section (convoluted by the enezgglution and straggling, and distorted by angrlyosimulated
effects). See section 11.9.

6.13 Effects of multiple scattering

The effect of MS on energy spread is calculatedBEPTH as given in chapter 12. Other effects, suclspead of
scattering angles and spread of pathlengths aculagdd in an approximative way by NDF. This isoalguite

speculative as these things are not easy to cédcbla analytic codes. See sections 11.10.1 Emdr! Reference

source not found, but do not use this.
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7 Running NDF

Simply type “NDF” in the appropriate directory wieeyour data, structure, geometry and batch filsglee NDF will
prompt you for the calculation and run options yant to use.

7.1 Simulate a theoretical spectrum from a given depitofile

NDF can simulate spectra based on a depth profieyou define. It will use the experimental coimtlis contained in
the geometry files, as well as the elements smekifi the structure file. It will disregard any straints to depth and
concentration range etc. present in the structlggtihat is, it will accept the profile you defimgthout corrections.

Both pure simulations (not requiring data) and sations to be compared with real spectra are plassithere are no
restrictions on the number of spectra per sammefer STR file).

To do it, you need to create a file called NDF.PRi#h the following structure:

First line: number of layers
second line: thickness of layer 1; conc. of elemeintlayer 1,... conc. of elem n in layer 1
third line: thickness of layer 2; conc. of elemérnt layer 2,... conc. of elem n in layer 2

The thickness in 1e15 at/cm2 and the concentmtioe atomic (and don’t need to be normalised).

As many layers as defined in the first line will tlg&ad. Extra ones will be ignored. Fewer layer$ milke the program
crash. The number of element entries must equddgdarger than) the number of elements n in thetire file, or the
program will crash. Extra element entries will gaared. The order of the elements is the same #eistructure file.
For instance, if in the structure file you defireélements: Si, Fe, O, then in NDF.PRF you can keaye

4
100 102
200 125
1000 110
30000 100

Meaning that the first layer is 1001015 at/cmzkhivith composition SiO2, the second layer is aadiSi-Fe oxide,
the third is a SiFe film, and the third is a Si swéte. Notice that the amounts do not have to dvenalised. The
following file would lead to exactly the same rdsudince the extra fifth layer and the extra elemmoncentration
entries would be ignored:

4
100 1021
200 1250.1
1000 1100
30000 10099
111 0011

Then you need to run NDF with speed 0 or p (settose¢.3.1 below).

With speed 0, pileup will be calculated, corresppngdto the spectrum that is given in the SPC fded to the
corresponding pileup parameters (see chapter Elosvifor details on the pileup correction).

With speed p, pileup will also be calculated, botresponding to the theoretical spectrum calculétech NDF.PRF
while the spectrum that is given in the SPC filegisored, and to the corresponding pileup pararsdtere chapter 11.5
below for details on the pileup correction). Sppes thus for pure simulation ignoring the data.

7.2 Run a local optimisation starting from a given ddpprofile
To do it, you need to create a file called NDF.PBgyal to what is used for simulations. Speed apsox or 6 (see
section 7.3.1 below).

7.3 Options
When the executable is run, the program will eittpeery for option settings or echo current optiettisgs to you (if
you set them from the command line). The optioes ar
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7.3.1 Speed

Speeds 0 and p are used to run a simulation, trgeé section 7.1 above). Speed 6 is used toéntimkcustom option for
different calculation options (see section 9 bel@®peed x is used to do a local search fit only ¢setiorError! Reference
source not found).

Speeds 1 to 5 are for simulated annealing, 1na-fast cooling, 3 is normal, 5 is ultra-slow. Sgpé&eis advised. Ultra-slow
cooling does not normally lead to better resulis was implemented in early versions of NDF forttesasons. If
Normal cooling does not work, try ultra-fast cogliff that does not work either, forget SimAnn ame NDF as a
simulator in the normal iterative way.

7.3.2 Compression
{1,2,3,...,9} = {128, 256, 512,..., 32768} channels.i¥ s the maximum number of channels allowed infithepectra
with more than this number will be compressed.

0 means no compression will be made, and eachrapeds analysed with the number of channels ind&i&a format
(or as defined in the geometry file, see section ).

Execution is faster for shorter spectra since hbth simulation and the? calculation involves a fair number of
operations per channel. Where high depth resolutiamt required, or where the layers of interest known to be
relatively thick, compression can be used.

This will be overridden for a given spectrum ifi@gn number of channels is specified in the comeasing geo file. If
fewer than 128 channels are required, the requitedber should be input direcly in the first linetbé geo file, after
the data type number. Only powers of 2 are allove: section 5.2.

7.3.3 Convolute FWHM
System resolution. {0, 1, 2} The detector FWHM (sified below) can be included (1) or not (0) depagdon this
switch. See section 12 below on how to introducagsfling calculations.

7.3.4 Isotopes

{0, 1} Determines if the isotopic distribution (vanly calculate for isotopes with at least 1% abuogq will be used
(1) (i.e., if spectra for each isotope of each eamjement are to be calculated), or if the averagss of the target
elements is to be used (0). Using the isotopes s#ie calculations slower, but for 512 channel ditdargets that
include light/medium elements with a lot of isotep# is better do use it.

7.3.5 Smooth

{0, 1} A high quality smoothing routine is availabivhich varies the filtering function dependingwhether peaks or
edges have been detected in the dateoth1 if you want to use it, O if not. It is adaptivethat flat bits get smoothed
a lot, but peaks and edges don't (try it!).

WARNING : ¢ fitting should not be applied to smoothed datai giee likely to get spurious confidence in the lssu

7.3.6  Output point by point profiles

Up to version 9.0b, the following applied: “In pieus versions we used SQUEAKIE [7] as a post-premesthis
option was related to it. It is no longer used.”

From version 9.0c, a 1 makes NDF output the pojrpdint profiles even for verbosity 1 (see sec8od.1).

7.3.7 Recalculate

Any value in this flag will activate it, that iye¢ simple presence of a seventh flag is enough.

For instance when running speed 6 — custom coolimgre no more flags are needed, NDF batch 6 0 0 Qvill
activaterecalculate

What does it do? Imagine you just ran a batch @igamples, and sample 3 went wrong. You want taloelate it after
changing the sample file or whatever, but as ND#ei&l, in v1.0 or v2.1 you would have had to ratiof them. Now, a file
called NDF.ORD will be read if this flag is actiedt NDF.ORD has as many lines as samples in NDF.&@ line is O if
the corresponding sample is not to be recalculatédies. In the example above, NDF.ORD would then

Or OO

Furthermore, suppose that you are running locaicheanly (see sectiorSrror! Reference source not found, 7.9,
7.1, and 7.6). Then, the same NDF.PRF file willrbad for all samples. This is potentially wrong)cg the samples
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may have nothing in common, and the NDF.PRF fileutth be different for each one of them. To maks t@Eppen, the
7" element in the command line must be "p":
NDF batch1131100p

Finally, if you want to have this option in the covand line but you want all samples in the SPCtéilde calculated,
the 8" element in the command line should be "n":

NDF batch1131100n

7.3.8 Normalise c?

By default, the partiat? for each spectrum is normalised to the numbethahnels in that spectrum (or to the number
of lines in a PIXE spectrum). The totflwill be the average of the partig. (this is true for local search and simulated
annealing; during Bl, a non-normalisetlis used to ensure validity of the calculations.

You can make NDF use the non-normaligédalso for local search and simulated annealing. Fhelement in the
command line must be "0":

NDF batch1131100n0

If it is “1”, this explicitly tells NDF to normalis.

Note that when the? is normalised, a good fit should have?alose to 1.

7.3.9 Form of ¢?function - standard or not

2
(fiti - data)
" maxdata 4)

Before v8.10, thec? function used in NDF was just the normal definitio?® = , where

max(data4) is to approximate Poisson statistics.

From v8.10 on, NDF has two options for #fefunction . The definition above is one of themeTdther is made to turn
NDF almost impervious against problems that arisemthe fit is bad in a given region of the speutranot because
the sample structure is wrong, but because of palsffects not implemented in NDF, not calculataturately
enough, or not calculated at all due to user opf@amples are straggling, plural and multiple tecatg, low energy
tails in peaks, channelling, etc). In this caseaishannel i where the fit is good, the new functwill be justc;?

(it - data)
- maxdata 4)

is very high, the new function tends to log), and therefore the influence in téewill be small.

, Which is the same as before. However, in a cHamhere the fit is bad and the corresponding

This is now the standard function used in NDF whven&SimAnn is used, with the old definition as optiIn local
searches, the standard is the old definition, Wighnew one as user option.

The cut-off between “good” and “bad” is taken aad# to be 10 times the error in a given chaniiélat is, if the
difference between fit and data is up to 10 stahd@viations, the normat;? is taken. If it is larger than that, then a
smooth transition to log(®) is made.

To make NDF use the okf in SimAnn, the 18 element in the command line must be "0":
NDF batch131100n10

To make NDF use the nesf in local, the 18 element in the command line must be a number fangequal to "1":
NDF batch131100n15.

To change the cut-off between “good” and “bad”t juput the required value as the™@lement in the command line,
for instance for a cut-off of 3 standard deviatigmst that any value smaller than 1 will be coreelcto 1):
NDF batch131100n13.

7.4 Examples of possible Commands

NDF You will be prompted for all options.

NDF sic 0 A simulation will be done. You will beqmpted for the other options.

NDFsic021001 Simulation, 256 channels, FWiil be convoluted with fit, no isotopes, no smaathof the
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data, SQUEAKIE output will be normalised to 10%at.

NDF batch2 6 A custom fit will be done, with alktloptions defined in the file NDF.TCN (see Appengljx

NDFsin03 11000 Simulation, 512 channelssmoothing, SQUEAKIE output not normalised, NDF.ORBe
6.2.7) will be read. NDF.PRF will be used

NDFsic031100x Same as above.

NDFsic6 000000 Custom fit. NDF.ORD (see B).vill be read.

NDFsin03 11000 Simulation, 512 channelssmoothing, SQUEAKIE output not normalised, NDF.ORe
6.2.7) will be read. NDFO1.PRF etc will be used

NDF fesix311 00 Local search only based on NHB- as initial guess (see section 7.1 above).

NDF sin33 11000 Normal SimAnn cooling, 512whels, no smoothing, SQUEAKIE output not normaljse
NDF.ORD (see 6.2.7) will be read.

In the examples above, sic, sin, batch2, fesi w#deatch files with extension .SPC.

When the program runs it will tell you the coolinghedule it is using, based on its analysis ofctraplexity of the
spectrum. It will then echo, for each Markov chaire value of the control parameter, the curcéntalue, and the best
c? value found so far. When it switches to the Izdrch it will echo the? for each minimisation cycle completed.

7.5 Controling which parameters change during the fit

The user may wish to fit the charge in only somecta, and keep it constant in the others; ohletdepth profile have
always the same number of layers; or be complethgtant; etc. Unfortunately, this has evolved dkieryears, which
means that the control of these things is spreaiffierent locations as detailed in the nex sultisas.

7.5.1 Beam energy, angle of scattering, incidence a  nd exit, FWHM
By default, these parameters no not change durfitg a

However, they can be fit parameters. This is spegtih the geo files, by introducing a second vatuthe line where
the parameter is defined. For instance, to makeettfeggy change by plus or minus 10 keV relativéht nominal
value, the line where the beam energy is definest ine e.g.

1600 10

If no second number is present, or if it is a G&ntithe parameter stays constant. For the anglacideince and
scattering in Cornell or IBM geometry, the variati@nges are given after the angle values:

2016010

In this case the angle of incidence can change dewl9° and 21°, and the scattering angle remaimstant. For
general geometry where the exit angle is also giviteould be e.g.

2016075123

The angle of incidence changes between 19° andit® %cattering angle between 158° and 162°, amehth angle
between 72° and 78°.

WARNING : In the current version,. NDF does NOT check whetthanging angles lead to impossible situatioms; f
instance, if in ERDA you specify for the angles

-1530 1010

This can lead to a situation where the incidenc25s and the scattering angle 20° (that is, trassion). However,
NDF will not recognise this or even check, it vaiinply explode or produce silly results.

7.5.2 Energy calibration and charge
By default, these parameters change during a fit.

In the tcn file (see section 9 below) the user @amtrol whether the energy calibration (indepenigefor the gain and
offset and quadratic term) and the charge changeotwia the flag4par flags. Refer to that section

What is in the tcn file is applied by default td geometries. If the user wants to make thingsediffit in a given
geometry, these codewords can be input at the et geo file:

flagvar_charge on
flagvar_quad on
flagvar_conv on
flagvar_offset on

to make NDF fit the charge, quadratic term, gaid affiset in the energy calibration
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flagvar_charge off
flagvar_quad off
flagvar_conv off
flagvar_offset off

to make NDF not fit the parameters.

The flagvar_ codewords in the geo files overriae, the geometry in question, what is specified gy tlefauls (all
parameters change) or in the tcn file. The othenugries are not changed.

7.5.3 Multiple scattering ad-hoc polynomial

By default, these parameters change during a fit.

Whether this changes or not can be defined ontlyertcn file (see section 9 below), and is the siimall geometries.
7.5.4 Number of layers, layer composition, depth pr  ofile

By default, these parameters change during a fit.

Whether these change or not can be defined ircthélé (see section 9 below).

If Bayesian inference is done, the user can alsci§pthat the depth profile will not be fitted ihe MCMC.BI file (see
section 14 below).

7.5.5 Roughness parameters

Whether these change or not is defined in thenstrpaf files (see section 13.1.1 below).

7.6 Repeating only some of the fits in the batch file
Imagine you just ran a batch with 4 samples, amdpga 3 went wrong. You want to recalculate it aftbanging the
sample file or whatever. Section 7.3.7 above erplabw to do it. Read then come back here.

To make NDF read NDF.ORD, you have to run it usiogmmand line options (see section 7.4 above), asch

NDF batch1 131100 x (all commands used)
NDF batch1 6 00000 x (all zeros are unusedcandt be anything else as long as they're there)
NDF batch1 031100x (last two zeros are unasetcould be anything else as long as they'reejher

All that is needed is the presence of a seventimeazi in the command line list. So if you want to eig. in custom
cooling mode, that requires only a “NDF batch &Juyhave to put five bogus list elements and theav@nth to make
NDF.ORD be read.

Suppose that you are running local search onlygsegonsError! Reference source not found, 7.9, and 7.1). Then,
the same NDF.PRF file will be read for all samplEiis is potentially wrong, since the samples mayehnothing in
common, and the NDF.PRF file should be differemtfach one of them. To make this happen, the sewdement in
the command line must be "p":

NDF batch1131100p

Then, for sample number s (and batch b.SPC), tfdefile bs.PRF will be read (see section 8.2c60kw).

Alternatively, NDF may be run with those optionsegi in the command line, with command line paramgfatax as:
NDF [batch filename]gpeed [compression[ FWHM] [isotope$ [smooth [not usedl[recalculatd

NDF will then echo current option settings to ydfiyou set them from the command line). Missing iovalid
parameters will initiate a question and answerises@nvalid parameters may cause the code to giwsarning
message and stop). For a full description of thEssameters see below. Notice that in the currersiome of NDF the
random number sequence is always initialised as#me position (in order to make debugging easser)f you run
NDF twice with the same parameters and options;llyget the same results. To force a different ramdnumber
sequence simply change any input parameter vegiytbli
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7.7 Repeat simulation

A single simulation often seems slow in NDF. Thidecause at the beginning, before any actuallatitlmu of yield is

made, NDF pre-calculates and puts into tableshallquantities that it can, such as stopping povemattering cross
sections, energy loss in foils (depending on beasrgy), etc. This takes time, but when fitting ieans that many
things do not need to be recalculated.

When doing iterative manual simulation, howeveiisinice to simply change the PRF or GEO file, dmagte NDF

automatically recalculate the simulation. This @€ by creating a file called TALK.W, with the siadetter r in the
first position of the first line. NDF makes thesfirsimulation then waits until either PRF or GEQufes; when this
happens, it makes a new simulation. NDF exitsriyieeat mode either if TALK.W is changed to havelditer t, or if

too much time has passed (somewhat over 5 minutes).

This works only for simulation of a single sampbait with any number of spectra for that sample).

The PRF file can be completely changed, i.e. nurbkayers, their htickness and composition.

The GEO file changes accepted are the beam enengygy resolution, incidence, scattering and emgles, solid
angle, and energy calibration. The calculation dlagnnot be changed (for instance changing fromr BohChu
straggling is not allowed). Furthermore, the beaergy can only be changed by a maximum of 50%.

This also works for multiple spectra: if the PRFclgange, or any of the GEO files is changed, a calsulation is
made.

This does not, as far as | am aware, work for PIXE.

7.8 Run a simulated annealling search

Not supported in ALP.

This is for advanced users only, who fully underdtéhe details of the exprimental techniques. HEsailts may need a
great deal of interpretation, since no guarantegvisn that the final results is the true deptHfifgo

You don’t need an initial guess, the algorithm iifid the solution for you. It is advised that yshould input any
knowledge about depth and concentration limitshim $TR file (see section 4.3). Do not make thisrtgi - if you
think a given element exists only in the depth eaBg0 - 5000, put as limits for instance 0 - 10000.

Speed optionis 1, 2, 3, 4, 5, or 6 (see sectidriAbove). Speed 3 (normal cooling) is advisettakllow cooling does
not normally lead to better results - it was impéeried in early versions of NDF for test reasondNdfmal cooling
does not work, try ultra-fast cooling. If that dosst work either, forget SimAnn and use NDF asrautator in the
normal iterative way.

7.9 Local SImAnn

Not supported in ALP.

This is for advanced users only, who fully underdtahe details of the exprimental techniques. SimAwrmally
requires that the initial state is of high entrgpg. molten). So, even if the initial guess ismperfect, it is destroyed in
the initial SimAnn stages. However, it may be ddslie to start SimAnn from a given initial guess digd in
NDF.PRF (see section 7.1 above), and adjust thialitemperature such that the information pregethe initial guess
is not destroyed, or at least used. We developarltine that adjusts the initial temperature to hgood the initial
guess fits the data. If the initial guess is lowsyhigh initial temperature is chosen. If it is dpthen SimAnn starts
already at a fairly low temperature, such that amall optimisation will be done. In intermediatiations, NDF will
try to find an initial temperature that always eefis how well the initial guess in NDF.PRF matctiesdata. To use
this option you must use NDF.TCN with flagoldb =23, described in section 9.2 below.

7.10Running Bayesian inference

Not supported in ALP.

This is for advanced users only, who fully underdtthe details of the exprimental techniques. Tatdgou need to
create a file called NDF.PRF, equal to what is usedsimulations. Speed option should be 6 (so gam control the
entire process and the experimental errors asgdciatexperimental parameters) but it can also (=& section 7.3.1
above). Chapter 14explains how to do this for dgptifiles, chapters 15 and 16 explain how to dfmitstopping
powers and cross sec tions.

7.11normalisec®
By default, the partiat? for each spectrum is normalised to the numbethahnels in that spectrum (or to the number

of lines in a PIXE spectrum). The user can howsyecify that the? should be non-normalised also for local search
and simulated annealing. See 7.3.8 above.
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7.12form of ¢ function - standard or not

The user has two different forms of tbeavailable. One is the normally definet] the other, default in NDF, atempts
to make thec” less sensitive to misfits due to causes other thaad layer structure (such as straggling, planal
multiple scattering, low energy tails in peaks,rotglling, etc). See 7.3.9 above.

7.13Include Poisson noise in the simulation

You may want to generate a realistic-looking calted spectrum, by adding Poisson noise to the atinal You can
do this by specifying a simulation speed Op orQpfor simulation with pileup calculated from thata, pp for a pure
simulation ignoring the data.

7.14Random number sequence

NDF uses a random number routine with a very loagogd, based on two seeds. The default starts thighseeds
12345 67890. The user can change the seed byngeafile called ISEED. in the directory where NBFbeing run,
with the two seeds (5 digit integers). If the us@nts the random sequence to start in a randortigggghen the seeds
in file ISEED must be zero.
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8 Outputs

In what follows, b is the first three charactergtd batch file name batch.SPC. s is the order eurmbeach sample
fitted in one batch. That is, if you have 15 samsptefit specified in your batch.SPC, s=01,025..;Then, f is the order
number of each file fitted simultaneously for a péen That is, if one sample had two spectra fitedultaneously,
f=01,02. Then, e is the number of an element, giwethe order it appears in the structure file.alfin | is the layer
number.

The numbering goes from 01 to 99, then a0-a9, wydiw9. That is, the maximum number of sampleseongetries for
a given sample is 359. We don't think more will elbe needed.

NDF will produce various headers with informatidooat the fit, the sample, and the files used. Tlesslers will be
added to the output files described below.

8.1 Verbosity

The verbosity flag, which is defined in the SPCchafile (see section 3.5), defines what output gererated. The
default, which is verbosity=0, makes NDF write tiesult file, the calculated spectra, the calculatietinental spectra,
the best layer structure, and the log file. Vertyosialso leads to the point by point profiles. Masity 2 also leads to
the calculated layer elemental spectra. Verbosigads to output of extended intermediate calautati

8.2 Verbosity 0: default output

8.2.1 Resultfile: bs.RES

Comprehensible text is output to the n files bs.RBSe file for each sample analysed. These filedude the
experimental set-up and the partial chi-squareceémh spectrum fitted simultaneously, the opticseduin the fit, the
calculation parameters, and the layer structuraddao give the best fit to the data.

8.2.2 Calculated spectra: bFsf.DAT
The data and the fitted calculated spectra areubupbFsf.DAT. For instance, for spectrum 3 of gtamB, you will
have bF0803.DAT. You must use your own graphickage to inspect this file to verify the quality e fit. The
format is ASCII, 3 columns:

channel, data, fit

For NRP, this is different. The formati is ASCllicdlumns:
#point, energy, data, fit

For SIMS, this is different. The formati is ASCHl ,columns:
#point, depth, data, fit

For PIXE, this is different. The formati is ASCH,columns:
element, line, data, error, fit

8.2.3 Calculated elemental spectra: bXsf.DAT

For each sample and spectrum analysed, NDF gesdiigt® containing the calculated partial spectraach element,
and puts them all in this file. The first columrtli® channel number, the others are the partiaitspéor the elements,
in the order they appear in the structure file.

The last column has all the extra contributionshi final spectrum, including the pileup spectrysee section 11.5
below), and any thin film ad-hoc correction (seetiem 11.8 below). The fit (third column in bFsf.DAis the sum of
all the partial spectra plus the extra contribudianthe last column.

8.2.4 Best layer structure: bPs.DAT

This outputs the logical elements (elements, mdéscicomplex molecules) as defined in the STR file.

The best layer structure is output as a depth Iprafia format that most graphics packages can. rElad format is
ASCII (the number of columns equals the humbepgidal elements present plus 4). Please noticehkadepth in nm
(last column) assumes Bragg's rule for the dewsigach layer, calculated from the elemental dexssit

depth (16%at /cnf), Element 1 (at.%),..., Element x (at.%), deptm),ndensity (1e22 at/cm3), depth (um/cm2)
8.2.5 Best layer structure: bPES.DAT

This outputs the real elements.
The best layer structure is output as a depth Iprafia format that most graphics packages can. rElad format is
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ASCII (the number of columns equals the numberl@hents present plus 2). Please notice that ththdemm (last
column) assumes Bragg's rule for the density off égager, calculated from the elemental densities.:

depth (16%at /cnf), Element 1 (at.%),..., Element x (at.%), deptm),ndensity (1e22 at/cm3), depth (um/cm2)

8.2.6  Best layer structure: bs.PRF
This is a file with the final fitted layer structyrbut similar to the NDF.PRF file described in.7tlcan be used to
repeat only some of the fits in the batch file takas initial guess the best fit already obtairsee (section 7.6 above).

8.2.7 Logfile: bs.LOG
This file gives different information about thetifilg process, i.e. the start and finish time, al agthe chisquared at
each temperature.

8.2.8 XML output
This is included in verbosity 1, but currentlystriot suported by NDF yet.

8.2.9 Calculated double scattering: DSsf.DAT
The calculated double scattering is output in DISUAST. The format is ASCII, 2 columns:
channel, double scattering

8.2.10 Calculated Pileup: bUsf.DAT
The calculated pileup is output in bUsf.DAT. Thenfiat is ASCII, 2 columns:
channel, pileup

8.2.11 Stopping powers and cross sections
Files containing stopping powers and non-Rutherfods sections may be generated. See chaptersl1Ha

8.3 Verbosity 1

8.3.1 Point by point profiles: bsfe.DAT

The best layer structure for a sample is used lmulede separate partial spectra, one for eachegleim the sample,
and these partial spectra can be used to disestahgl different elemental signals in the originapeximental
spectrum. Then an analytical calculation generddgsh profiles channel by channel from the origitetia. This works
for RBS, ERDA, and for NRA if possible (see our ficditions 13 and 17 ). The output is given in BT (in this
case, b is only the first two characters of thebditename).

WARNING : This output relies heavily on the quality of tfiefor elements whose signals were not alreadyyful
separated to start with. A bad fit will mean tha tesults so obtained are also bad. You mustsgtsirself that the fit
is good and that you trust this result. Furtherlaes not rely on all signals being present, butoiés rely on the
stopping powers calculated during the fit. Finaltydoes not work properly for spectra where mdrantone ion is
detected, when the signals fo the different ioessaiperimposed (for instance, H and Deuterion I®goERDA).
WARNING : You must be aware of what this kind of output ne@ physical terms. Some people like it very much
others think its usefulness is dubious since d#at$ like system resolution, straggling, isotoeftects, etc., will be
convoluted with the profiles obtained.

Output is in 3 cols. Please notice that the depthni (last column) assumes Bragg's rule for thesitienf each layer,
calculated from the elemental densities or fromitipait-defined ones:

depth (16%cnt); concentration of elemeet(at.%); depth (nm).

This can be made to output even in verbosity Odigguthe appropriate speed option. See sectiof.7.3.

8.4 Verbosity 2

8.4.1 Calculated layer elemental spectra: bEsfe.DA T

This is non-DOS format, as the file names will hd2echaracters plus extension. Each file has tnasiof one given
element in one given layer.

For instance, for a batch file called ndf.spc, file

ndfe03020428.dat

has the signal of element 4 in layer 28, for speat? of sample 3.
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8.5 Verbosity 3

8.5.1 Extended intermediate calculations: bCsfel.DA T

This is non-DOS format, as the file names will hd2echaracters plus extension. Each file includeemal quantities
calculated by NDF. These are documented in the.fllbey can be for instance:

- Layer number. These are the layers as defingtidoyser

- Layer thickness

- Concentration of the element in the layer

- Internal layer number. These correspond to ttexmal sub-division of layers

- Internal layer thickness

- Amount of the isotope being considered in thigta

- Beam energy before scattering in the internatday

- Detected energy for scattering in the currenioiged in the current internal layer
- Scattering cross section

- Total yield of the isotope in the internal layer
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9 Fine-controlling the fitting process: NDF.TCN

NDF provides several built-in cooling schedules iGhidetermine how fast and how accurate the fit ndl, as seen in
section 7.3.1 above). It also has several builtptions and features, for instance, for fine-tugnihe charge or the
energy calibration during the fit, within certainilt-in limits. You can change all this by usingtfile NDF.TCN.

9.1 Whatitis for

The NDF.TCN file allows the user to control as mashpossible the fitting process. This is oppadsitdhe “Ultra-fast”
to “Ultra-slow” options, where all the settings gree-fixed. NDF.TCN is not needed in the majorifycases; it is
intended to be used only by people experiencedmABn/NDF, who want to understand and control tebdviour of
the program better. “TCN” stands for “technicalf’.id also the only way to have pile-up correctiseg section 11.5
below) on data types other than “raw XRBS” or “nafised XRBS".

9.2 Detailed description
We will go through each line of the NDF.TCN file.Mfirst give the (internal NDF source) name of eélaly or
parameter in the file, and then explain what itddoe

flagoldb Integer. It is 2 for local search. Ifig -1, a simulation will be made from NDF.PRF (see
section 7.1 above).

flag4par(1),chconv The flag4par flags determiniaéf energy calibration and the solid angle-charge

flag4par(2),choff product are allowed to changerduthe local search .They are 1 if yes, 0 if not.

flag4par(5),chquad flag4par(1) and flag4par(2) murthe gain and offset, flag4par(5) a quadratimte

flag4par(4),chsolcha of the energy calibration eespely, flag4par(4) the solid angle-charge praddde ch*
values determine how much each parameter is alldavetiange during the fit, for instance,
if flag4par(1)=1 and chconv=0.02, the energy calilon gain will change a maximum of 2%
during the local search. Note that the flagvargdlan the geo files override the flag4par.

Flagms,chms Same as for the previous four lines,td decide whether plural scattering polynomial
correction (see section 11.5) is allowed to chargsot and by how much.

pacctrns Not used in NDF. Use .9

convcool, offcool Not used in NDF. Use 10 10

safactor, saoffset Not used in NDF. Use .4 .4

Imarmax Not used in NDF. Use 100

errorl, error2 Real. Error2 is the final errorde(®6 change in x2).

accmax Not used in NDF. Use .1

factnlay Real [0,2[.] in Eq. (1) of NIMB136-138 (1998) 1157-1162. Valuestween 1. and 1.5 are
strongly recommended for BI.

xdmin Real. Minimum internal sublayer thickness 10**/cn?) in the calculation of the theoretical

spectra, where the stopping powers are constargehalues lead to faster calculation at the
expense of precision. In the “Ultra-fast” optionisi 400, and steps can sometimes be seen at
low energies (where the stopping powers changerjast

maxthick Real>0. Initial total thickness at thejiming of the fit, in 1&/cn?.
nlini Not used in NDF. Use 10.
fcompr Integer. O if no data compression, 1 ibtBe fit is to work on 128 to 32K channel spectra

(compressed only, no expansion is ever made, sti@rsd.3.2 above). Shorter spectra lead
to faster fits, but depth resolution may be lost..

fconv Integer. 1 if the theoretical spectra avavoluted with the FWHM of the set-up (as given in
NDF.PAR), 0 if not. For 512 channel fits, it is ceemended to make the convolution (or the
edges will not be well fitted).

fisot Integer. 1 if the isotopic distribution (wenly calculate for isotopes with at least 1%
abundance) will be used (i.e., if spectra for emdtope of each target element are to be
calculated), O if the average mass of the targamenhts is to be used. Using the isotopes
makes the calculations slower, but for 512 chaffitelof targets that include light/medium
elements with a lot of isotopes, it is better de iis

flgsmoo Integer. 1 if the data will be smoothed &n intelligent adaptive routine that normally reak
real good smoothing [8]), O if not. In principléetc? statistics can not be used on smoothed
data, i.e., if you are fitting, you shouldn’t smbdhe data.

fsquea Integer. From version 9.0c, a 1 makes MDfput the point by point profiles even for
verbosity 1 (see section 8.3.1).
(from this point on, the lines need not be in NDENL However, if want to have e.g.
f4_comp, you must also introduce all lines beftiat bne)

imaxnlays Integer, using at least 1000 is recontednMaximum number of internal layers used in the
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icross
innstop

f4_nlays
f4_thick
f4_comp
flagndp(1)
flagndp(2)

12Mar10

calculation.
Integer, using at least 1000 is recomm@énNember of cross section values in the internal
table used in the calculation.

Integer, using at least 1000 is recommaniNi@mber of stopping power values used in the
calculation.

Integer, 1 if the number of layers magrde during the fit, O if not.

Integer, 1 if the thickness of the layaray change during the fit, O if not.

Integer, 1 if the composition of the layaray change during the fit, O if not.

Integer. The flagndp flags determinthé a and k parameters in the a%19™
background in NDP change during therfihot. flagndp(1) is for a, flagndp(2) is for k.
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10 Stopping power data

NDF can use different sets of stopping power, dmel tiser can define their own stopping powers. Asiyna
specifications as possible for ion/target elemesit pan be used. Please note however that thespastification
override the previous ones for the same ion/talgghent pair.

The user can scale the values (see section 1@@her input completely new ones (see section)10.6

WARNING : Any use of a given set of stopping powers impirest the user must credit the original sourceit A8L,
SRIM, MSTAR, or anything else.

10.1ZBL2000 stopping

By default, NDF uses ZBL2000 stopping power valué¢swever, The input files scoef.95a and scoef.95bistrbe in
the WINDF directory.

The user may explicitly include the code word ia geo file:
zbl00 (or ZBLOO or Zbl00)

10.2ZBL1990 stopping

NDF can use ZBL90 stopping power values [9].The nsast then include the code word in the geo file:
zbl90 (or ZBL90 or Zbl90)

10.3MSTAR stopping
NDF supports MSTAR stopping power for heavy ior@][Ihe way to do is is to specify, in the GEO file:

MSTAR Li Si  will make the stopping of Li in Si balculated with MSTAR. All other stoppings will remazBL00.
MSTAR will make all stoppings be calculated with W&R.

As many specifications as possible can be use@dsPlaote however that the last specification odertiie previous
ones for the same ion/target element pair. E.ca,sample containing C, N, and Si, measured wittl ERDA for the
GEO file where C is detected, suppose the Gedniilledes at the end:

MSTAR 35CI Si

WARNING : MSTAR does not include all ions. If a stoppingégjuested, that MSTAR does not support, NDF
automatically reverts to ZBL0O.

Any use of MSTAR stopping powers should acknowleHg®aul, A. Schinner, Nucl. Instr. Methods PHyes. B 195
(2002) 166. Version 3.11 of MSTAR has been avadaihce 8 April 2003; please do not use earliesives.

10.4SRIM2003 (2006, etc) stopping
These are not distributed with NDF. However, NDf @all and run automatically the SRModule.exe etedue
dsitributed with SRIM. SRModule.exe and its reqdifédes (VERSION, SCOEF03.dat, SNUCO03.dat) musirbéhe
NDF directory, which must have a subdirectory \se.

The user must also include the code word in thefigzo
sr03 (or SRO3 or Sr03)

Calling Srim2003 each time a stopping power is ededt the begenning of na NDF simulation is vesffioient.
Since version 9.2¢g, each time a given SRIMO3 stupps needed, it is calculated, and stored in axifil directory
PATHNDF\se (where PATHNDF is the NDF path, seeisact.2 above). The next time the same stoppimgésled, if
it has already been stored, the file is read. @hectory must be created by the user before USRI03.

10.5Scaling the stopping powers

You can scale the stopping power of any elemeahinelement, by adding one line at the end of gwareetry file. E.qg.
to increase the stopping power of He in Si by 1@%he whole energy range, you simply introducelitree“He Si 1.1".
This will not change the energy dependence of thpping power affected. You can also scale theptgppower of
recoils or reaction products in ERDA and NRA resiety.

NDF creates an internal look-up table with stopppayver values. By default, the table has 1000 éysdaced
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stopping power values. The user can increase oedse this value.

WARNING :Please note that any scaling of stopping powees dot affect the stopping in the foil and beamfblilose
cannot be scaled in the current version.

WARNING :Please note that stopping of molecules cannotdled. This is only for elements.

10.6 User-defined elemental and molecular stopping posver

10.6.1 Using ZBL90 al-a8 parameters
One way to do this in NDF is to go to the stopppogver data files - e.g. PSCOEF.DAT for ZBL90 stoms, and put
in the right places the al-a8 coefficients that fronk lead to proper stopping for the element goei considering.

Another way is to introduce the al-a8 coefficiavftthe ZBL90 parameterisation that you think leagadrrect stopping
values, in a single line, separated by spacesfiie gany name you want).

WARNING : NDF will change the al-a8 coefficients of the ZBLparameterisation; hence, this will only workydfu
use those stopping powers (e.g. MSTAR and SRIMOBmhg values will not be affected). Also, this medhat the
stopping of any ion in the given target elementl wi¢ affected; hence, you should only do this fmgle ion
experiments (i.e. RBS or EBS; do not use this fRDB or NRA). Also, if you have more than one expeiht at
different geometries, you should put all the stagptorrections in the same GEO file, and only iat thne. All the
geometries with that ion will be affected, evegadfi do not declare it.

Now, suppose that in the structure STR file theewole is defined as e.g.

Silo026.6

(this is SiQ with the correct bulk density). All condensed, taking the spaces out and leaving capital letisrthey
are, this becomes

Sil026.6

Suppose you want to introduce the stopping of H8iID2, as given by the al-a8 parameters in fil@.stp (you can
choose any name you want). You need to add atitteea@nd of the GEO file:

molstop Sio26.6 sio2.stp

(readstop no longer works from version 9.0d on)

For elements, the syntax is
elstop Si si.stp
(please note that this implies that silicon is giuethe STR file as Si, not si or Sl)

If you not only want to read the stoppings, bubdét NDF fit them (i.e. fit the al-a8 parameteys)y should write (see
section 15)

fitstop Si026.6 sio2.stp

or

fitstop Si si.stp

(“stop” instead of “fitstop” no longer works sin&e0d)

Please note that you can use the fitting optiorafemgle element in the STR file. E.qg., if you wamfit the stopping
power of He in Si, and in the STR file you havécsih defined as “Sl”, then the line to add in the@file will be

stop Sl si.stop

where the file si.stop contains your al-a8 inigiaéss.

NDF will produce one file per such element or maleg called SGsn.DAT, where n is 1 for the firgtreént in the
GEO file or molecule with stopping read from filefdated, 2 for second etc. This will be indicatiedthe RES file. The
SGsn.DAT file will contain either the stopping carused (with options ELSTOP, MOLSTOP or READSTG#®)the
stopping curve fitted in the local search (withiops FITSTOP or STOP).

WARNING : The local search routine is highly inefficientgroducing good absolute minima in stopping powé&n§.
The result will be dependent on your initial guelatisfy yourself you are using ‘good’ al-a8 values

WARNING : NDF will think that the al-a8 values are for étenic stopping, and will calcualte nuclear stogpin
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independently and add it to the total stopping.

10.6.2 Using an input file with (energy,stopping) v alues

If you have for instance experimental stopping gaJu/ou can input these directly as a file. Thenfast is two columns
(energy, stopping). The units are keV for the epeamd for the stopping they are eV / {1atoms/crf). Please note
that this one of the very few exceptions to unitvantions in NDF - eV and not keV are used.

You need to add a line at the end of the GEO file:
molstop 4He Sio26.6 sio2.dat

For elements, the syntax is
elstop 4He Si si.dat

Note that, in this case, only this particular stogps affected! The stopping of other ions, anditirer geometries, is
not affected (even if it is the same ion). So ttas be used for ERDA and NRA as well, or to chaihgestopping in
one particular geometry only.

This cannot be used for fitting stopping powertikd of stoppin gpower is made by fitting the alp#Bameters of the
ZBL90 parameterisation.

10.7How to get ZBL90 al-a8 coefficients from an inphle

If you have a stopping table for a given elementnotecule, NDF will not use it directly for fittingrou first have to
find al-a8 coefficients of the ZBL90 parameteratihat fit well your tabulated data, then seeisact0.6 above. To
make your life easier, NDF incorporates an al-aiBdj routine to stopping power tabulated data.

Your data must be three ascii columns; energy éM)kstopping (in eV/18 at/cn?), error (in eV/1& at/cnf)
If you do not know the error, use the same valualicentries.

Then create a batch file e.g. ndf.SPC:

fl charge geo str

“f1” is any data file: not the file with the stopyj data, but some e.g. RBS or ERDA data file; igired, but it must
exist in the current directory.

“charge” is any number, it is ignored.

“str” is any structure file, it is ignored but ihauld conform to normal syntax.

“geo” is a geometry file. It must have all the natrmandatory things in a geometry file (which ayedred but must be
there). It must contain one additional line ateimel, which is the only important thing in all this:

fitsc DATA INIT_GUESS

where “fitsc” is the code word to tell NDF a stopgifile is to be fitted.
DATA is the data file with the stopping tabulateatal
INIT_GUESS is a file with an initial guess for th&-a8 coefficients.

Simulated annealing will work, but we advise to lmEal minimisation. Also, at the end check theuless if the fitted
curve is not close enough to the data, start wighbtest fitted al-a8 as initial guess, and fitmgai

The best fitted al-a8 coefficients can be foundhin result ndf.RES file. The fitted stopping cuman be found in
sg0101.dat.

10.8Charge state

ZBL and SRIM stopping power calculations use awated equilibrium effective charge state of thalgsing ion. At
very small depths, this equilibirum charge statedsyet reached. The effective charge state \eitleshd on depth, and
on the initial charge state of the beam.

Again, after scattering, the beam will not be sxaguilibrium charge state. It will take some titneeach it.

NDF lets the user input a given effective chargeestbut only for the way in. This will be in twmlamns, beam
energy (not velocity or depth!), and effective destate (real charge, not fractional). You muskige the following
line at the end of the GEO file:

cha_eff filename
(Cha_eff and CHA_EFF also work)
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11 Corrections to single Rutherford scattering

11.1 Non-Rutherford cross sections
WARNING : See sections 11.2 and 11.1.7 below if there lzagpsresonances in the cross section you neeceto us

11.1.1 Inputing non-Rutherford cross sections from a file

First of all, you need to have an ASCII file witbur cross sections. Then, at the end of the geagrfilet you introduce
one line with two entries, the first the targetnedant for which you want the correction, the sectiredname of the file,

e.g.

C c_nonrut.cor

or

¢ d:\ndf\sigmarepository\c_nonrut.cor

You can also tell NDF what the you store non-Rutirércross sections:

path_sigma d:\ndf\sigmarepository\

in which case

C c_nonrut.cor

Will read not from the current working directoryytlfrom the stated d:\ndf\sigmarepository\

You can always override the path_sigma commandn&tance:

path_sigma d:\ndf\sigmarepository\

C c_nonrut.cor

Si d:\ndf\ssigmal\si_nonrut.cor

The cross section for carbon is read from d:\nglfisirepository\ but for Si it is from the specifigath.

WARNING : One fine point: For cross-section purposes, “S18Si”, “29Si”, “30Si”, etc, are all treated sepaely as
if they were different elements. So, specifying iftistance the cross section for 28Si as “28Si 28gior” will have no
influence on the cross section of an element défage“Si” in the STR file! Similarly, specifying fanstance the cross
section for Si as “Si si_nr.cor” will have no inflnce on the cross section of an element definéd&&” in the STR
file!

11.1.2 Inputing non-Rutherford cross sections from a SigmacCalc file

Actually, not a SigmacCalc file as such, but ongpred using SigmacCalc.

For systems where a SigmaCalc evaluation is avajlaBigmaCalc can be used to calculate the noheRfatrd cross
section (as ratio to Rutherford) for many differangles (from very small, say 1° to very large, 589°). Then a file is
prepared where (after a header with two lines)itisecolumn is the energy values, and the othéuroas are the cross
sections for each angle. The header is: firstiBri@vo integers, first is number of angles (maximalfowed 25), second
is number of energy values. The second line ohtdealer is a list of all the angles.

The file must be named e.g.

sigmacalc_e4helh.dat

for ERDA of 4He on protons

sigmacalc_rlhl2c.dat
for RBS of a proton beam and a 12C target

sigmacalc_rlhc.dat
for RBS of a proton beam and a natural C target

(i.e., the usual NDF distinction between "C" an@C1 is used.)
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These files must be in a subdirectory \sigmacakh@MNDF directory.
NDF then makes a linear interpolation for the alcsgattering angle.

If sucha file is available for a given reactionubtte scattering will include the angular dependefdgs is essential
e.g. for DS of ERDA of 4He on hydrogen.

WARNING : The file must have ratio to Rutherford values, mbar!

WARNING : If one wants to calculate DS, for ERDA, the ranf&alues should come from 1° or 2°, up to 90%feta
1 value can be given for all energies). For RBShould be from 1° or so, and up to 180°.

11.1.3 Internally calculated non-Rutherford cross s  ections

Some non-Rutherford cross sections are automatisall in NDF. These are fdHe ERDA detecting protons or
deuterium(see sections 11.11 and 11.12 below),f@an®iRA for the reactions D(3He,p)4He and 3He(Dk4[1].
NDF will create a file with these cross-sections your inspection, and will warn you so in the *RHile. You can
turn these automatically generated cross sectifinsyosimply introducing, as explained above, youn values.

WARNING : These internally calculated cross sections aegpolations, and should not be used! Users shasgdbe
aware of the cross sections they use, so theydiseigct and input files they consider to be carrec

11.1.4 Format and units of user-input non-Rutherfor  d cross sections - R33
If you specify a file which conforms to the R33relard, NDF will read it. Please note that as oRyINDF takes the
file for granted, it does not check whether ithie tippropriate reaciton or not.

11.1.5 Format and units of user-input non-Rutherfor  d cross sections - two column ascii

First of all, you need to have an ASCII file witbyr cross sections. Except for NRA, this must Is¢ fwo columns, the
first one the energy in keV, the second the coimadiactor relative to Rutherford values. A maximefl000 values
are allowed. Outside the range given in the filecoorection is done. If you want to give the cresstion in absolute
values (mbarn), then the first line of the file s

m (or M).

For NRA, it is also two columns, the first one athe energy in keV, but the second absolute vaBgslefault, NDF
considers that the cross sections are differeatiak (in mbarn/sr), in the laboratory system. Ii yeant to input a total
cross section (in mbarn), then the first line & fie must be

t(orT)

And if you want to input a cross section in thetoeiof mass system, the first line must be

c (or C)

To input a total cross section in the CM systera,fitst line is, of course

tc

11.1.6 Internal handling of non-Rutherford cross se  ctions

Until NDF 9.1g, NDF created an internal look-upléatwith interpolated cross section values. By difdle table has
1000 equally spaced cross section values. The a@merincrease or decrease this value. This tableeststs for
purposes of outputing, but it is no longer usedrig calculation of yield.

From NDF 9.1h on, NDF explicitly integrates the tdedng cross section on each energy bin beingutatied. This
leads to slower calculations, and very small gaireccuracy (in fact, no gain in most cases).

11.1.7 Automatic division of internal layers with n on-Rutherford cross sections

When very sharp resonances exist, as for protor,dhis convenient to have more, very thin, imal layers around
the resonance, or its shape (and size) will beatdatated due to interpolations. The price to pdylve a much slower
code. The best way to do this in NDF is to intragircthe GEO file a line

Autol (or autol or AUTOL)

This will lead to automatic inclusion of one exinéernal layer for each data point in the non-Rtftivé cross section
file. It will also make NDF calculate the spectrmaot channel by channel (which, if the resonancetwisl of the order
of the channel energy width, can lead to wrongrpakations), but internal layer by internal lay8traggling will also
be calculated internal layer by internal layer. AISNDF will increase the size of its internal asayescribing the
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internal layer structure and non-Rutherford crasgisns to the maximum allowed by memory constaiatogether,
the run time may be one order of magnitude slowan hormal NDF.

WARNING : This option is the default in NDF whenever a mutherford cross section is included, and it mayl [t
much higher execution times (factors of 30 havenbeported when the cross section file has mangtgpiln most
cases the difference will be minimal or none, € tiioss section has no sharp resonances.

To turn the option off even when non-Rutherfordssreections are used, write
Autol off (or Off or OFF)

11.1.8 Cross section at 0 energy

If no value for the cross section at 0 keV is stdatethe file, NDF assumes for RBS and ERDA a rtidRutherford
equal to 1. For energies between 0 and the miniranergy given in the cross section file, a linederpolation is
made.

For NRA and NRP, at 0 keV a 0 mb cross sectiosssimed. For energies between 0 and the minimungegéren in
the cross section file, a linear interpolation iad®. Note that his may lead to problems for NRiGesthe integrated
cross section can become a large and unrealidtie.va

11.2 Accurate simulation of resonances

The energy spread before scattering means that fgiven depth of interaction, the beam containsigies with
different energies, thus leading to a spread ofscgections for interaction at that depth. The &tithd cross section
changes slowly with energy, so this effect will\eey small and can be ignored. However, if theeesdrarp resonances
in the (non-Rutherford) cross-section, the effeat be large (particularly if the resonance occespdin the sample,
where energy spread is large), leading to a braaderi the resonance signal.

There are three effects occurring:

1. The total cross section for interaction at segidepth becomes an average over the different Ipeaticle energies
before interaction.

2. The average energy of the beam after interaeii@m changes.

3. The exact shape of the beam energy distribwafter interaction also changes (in general, it b&s® a complex
shape depending on the shape of the resonance).

The accurate and completely correct way of calmgethis effect involves a double integral calcidat[11], which is
extremely time consuming (3 to 4 orders of magrdtstbwer) and difficult to implement. NDF does imaplement it
and there are no plans for doing so.

What NDF does is to calculate correctly points @ &nthat is, the correct average cross sectioninteraction at a
given depth, and the correct average beam enetgyiaferaction at that given depth. It will not@aate point 3, and
it will take Gaussian shape for the energy distidruthroughout. In this way, the increase in chdtian time is very
small, in fact not noticeable.

NDF will do this automatically whenever the useguuts a non-Rutherford cross section file as deedrib section 11.1
above, even if there are no resonances.

NDF will not do this correction automatically foukherford cross sections: the effect still exibis, it is very small.

To turn the correction off, write at the end of tfeo file:
nores (NORES or Nores will also work).

To calculate this correction also for Rutherfordss sections, write at the end of the geo file:
allres (ALLRES or Allres will also work)

Or for only some elements:
Allres Si Au
WARNING : This correction only makes sense if the energga before interaction is calculated, therefoie @nly

applied if straggling is calculated, either by N[Bohr or Chu, see section 12.4 below) or with DEP(BEle section
12.3 below) or MDEPTH (see section 12.1 below).

11.3Screening

By default, NDF calculates Andersen et al. angdigrendent screening [12]. It may also calculateUier screening
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[13]. To force NDF to calculate one or the othertaturn screening off altogether, write at the efithe geo file

For Andersen screening:
screen a
(Screen or SCREEN, and A, would also work)

For L’Ecuyer screening (no change will happen):
screen e
(Screen or SCREEN, and E, would also work)

For no screening:
screen n
(Screen or SCREEN, and N, would also work)

11.4Double scattering

Double scattering corresponds to the ion undergbirgglarge-angle collisions before being detectédF currently
only calculates it for RBS and ERDA (including famd scattering and transmission) [14]. It leadstipds a low
energy background, and to an increase of the sigihbulk samples at low energies. Please note hemwthat other
effects, such as inaccurate stopping power valslésscattering, or as inacurate energy resoluésra function of
depth, all lead to extra distortions of the low rgyesignal.

WARNING : The DS routine for ERDA calculates only the thfe#éowing situations: ion scatters then producesoil
in sample; ion creates recoil which then scattarsample; and ion is forward scattered, producingamil in the
stopping foil (in case the ERDA recoil also exisisthe foil). Note that these are the only conttibs calculated;
processes involving two recoil events, or scatteohrecoil in the foil, are disregarded. Furthereydhe name of the
recoil must be the same in the sample definitiodh iarthe foil definition (for instance, if it is LHlefined as 1H in the
STR file, it must be the also defined as 1H infthiecomposition in the GEO file).

WARNING : During a fit, the double scattering is calculattly when thec? has changed by a certain amount (a
factor of 2 in the current implementation), in arde save time. It is calculated again for the ffifia Please note that
small changes in the simulation have a large effact but only a small effect on double scattering.

WARNING : A strong issue is for non-Rutherford cross sedithat have a strong angular dependence. NDF alway
uses the non-Rutherford correction for the nomamagle, which may lead to severe problems. The extgption is for
a-ERDA of 1H, where the correct angular dependesaesed, but only in the energy range up to 3 Mawhigher
energies, NDF will do something untested.

The double scattering contribution is saved asea ¢alled DFsf.DAT (e.g. ds0102.dat for the secepectrum of the
first sample in the batch file). The file is twol@mns (channel number, double scattering yield)hwie same number
of channels as used in the fit or simulation.

For verbosity 2 and above, for ERDA a second fiecieated, called DFsfD.DAT, which includes theasafed

contributions to double scattering: ion scatteentproduces recoil in sample; ion creates recoitthen scatters in
sample; and ion is forward scattered, producingcait in the stopping foil (in case the ERDA recalo exists in the
foil). Note that these are the only contributioadcalated; processes involving two recoil eventssaattering of recoil
in the foil, are disregarded.

11.4.1 Calculation of double scattering - automatic control

NDF can calculate double scattering as an optidis & only implemented for RBS. This increasesdbmputation
time very much indeed, depending on the optionsehoTo introduce double scattering, introducexradine at the
end of the geo file:

ds full

or

ds precise
or

ds normal
or

ds fast
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(Ds, DS, Full, FULL, etc, will also work)

The difference between “full”, “precise”, and “noaihis the following:

“Full” will make NDF calculate all the scatteringents involving all possible first scatterer/secauatterer pairs. It
will also calculate for all possible directionstbé first scattering.

“Precise” will make NDF not calculate those scatigievents that carry, all together, only 1% oftibtal cross-section.
It also reject the directions of first scatteritngt, all together, account for only 1% of the tatalss-section. This will
reduce the calculation time without significantdad accuracy.

“Normal” will act like “precise”, but with the thehold at 3%. In almost every situation, no sigaificloss of accuracy
is noted, but calculation time is reduced, depandimthe sample, by 1 or 2 orders of magnitude.

For instance, suppose a 500 nm Au film with a 5@ndayer on top, over an Si substrate with a 2 niurahoxide,
measured with 2 MeV He. Both the “precise” and tnal’ options will make NDF not calculate eventsttimvolve C
or O. This means that only Au/Au, Au/Si, Si/Au, a8dSi will be calculated: 4 pairs, instead of 1&hwthe “full”
option.

“Fast” will act like “normal” on first call; but iwill never be recalculated. That is, the ds w#l talculated for the
initial structure and initial experimental paranmstéincluding charge), and it will not be recaldakh during the fit.
Furthermore, it it has been calculated in a previoun (leading, e.g. if it was sample 03, geom@&®y to file

DS0302.DAT), with the same number of channelsn the previously calculated DS will be used. Sephiso works,

e.g.:
ds fast 2.4

Furthermore, sometimes the shape of the spectrweraiow energies (e.g. the substrate signal gt koav energies) is
not relevant to the data analysis, and the DS itmtion is only required for the background at ges below the high
energy signals from the heavy elements. There ption to make NDF ignore those low energy contidns, which
in some cases may speed up the calculations bgstilorder of magnitude. For instance, on the gtambove (Au on
Si), the Si/Si scattering will be ignored. The extne should then be:

ds <full, precise, low> nolow
(NOLOW or Nolow will also work)

Please note that the nolow option works indepemyertthe full/precise/norma optionl. This meansttheven if you
choose “full”, if you also use “nolow”, there witle a (possibly strong) restriction on the scattérspconsidered (but
not on the angular directions).

11.4.2 User-input double scattering contribution

The user may input a previously calculated doubgtering contribution via a file, normally a preusly calculated
DFsf.DAT file. The structure of this file is two konns (channel number, double scattering yieldthwhe same
number of channels to be used in the fit or sinmat-or instance, if the sample structure is yaivell known, it is not
efficient to calcualte double scattering all thedi Small changes in the sample lead to small dwmigthe double
scattering contribution only. So, the user cart fieculate ds as explained above, and then useotiiesponding file
for further fits. The syntax in the geometry fite i

ds file_name

or even

ds file_name 3.5

to scale the input file by a factor of 3.5

Now, suppose a series of samples, all using thee 8RO files. Reading different DFsf.DAT files woufd principle

require separate GEO files, to introduce the défiémames. This is not necessary, all that is rbEsdi® use the “fast”
option, so the correct previously calculated file be used for each sample and geometry (or a aper will be

calculatde if it does not exist already). For ins& for sample 03, geometry 02, file DS0302.DAT bé read, while
for sample 05, geometry 02, it will be DS0502.DAT

11.4.3 Recommended usage

WARNING : Double scattering calculations are not as aceuaatsingle scattering, and theory is not 100%ectrr
particularly at grazing angle [15]. Please read amierstand [14].
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The DS calculation in normally slow. The best thtoglo is first to a rough simulation with no DSéh calculate DS
with “normal” or “precise” option. NDF will write ot the calculated DS contribution in the files DBT Then, in a
fit or further simulations, read in these filesteed of calculating again. As long as the profiée Imo major changes,
the DS will remain more or less the same, whiatoisnally good enough.

As for other options (see section below):

DSMS has no effect at non-grazing angles. At ggazngles, it may make calculation slower by oneeprof
magnitude. It will only have a measurable effecewtvery thin films with heavy elements are pregerg. 3 nm Au
buried in C). So it should only be used in thakcas

NGR should be used for test purposes only. At ggaangle of incidence, it will lead to a wrong (rhuoo small) DS.

CO ds_co should be used for test purposes only.

NPL should be used for test purposes only. Theeffesmall in most cases.

NCO should be used for test purposes only. Theeiffesmall in most cases.

Finally, we stress that the spectral shape at lmsvgies, as well as the low energy background, mtépe other factors,
not only on DS. Some of these are:

Straggling: even using MDEPTH, at very low energiessibly severe distortions may arise

Stopping power: inaccurate values will distort spectral shape.

Slit scattering: it has been proved that scattedhghe beam on beam shape defining slits will l&adddditional
counts at low energies; in some experimental sethjsseffect will be larger than DS [16,17].

Unaccounted for effects, for which no explanatiarrently exists, have been claimed to exist [18].

11.4.4 Calculation of double scattering - manual co  ntrol
The user may, if they so wish, have (almost) falhtcol on what NDF doeSWARNING : This is not recommended, it
is for test purposes only. Do not use it.

The incident ions are first scattered into the whgphere (4pi). The number of different first smartly directions is
n_scatt, an even number, between 100 and 5000.

Only trajectories where both scattering anglest(fand second) are larger than a certain cutdifevacatter_cutoff
(another input parameter, in degrees) are considEsalouble scattering (except for grazing angieegments, see the
next point).

To account for trajectories at grazing angle ofdance, trajectories where the path of the ingaargchanges by a
factor path_cutoff larger relative to single scattg are also considered, independently of theesafuscatter _cutoff.
Finally, to reduce calculation time at the expeoBaccuracy, the internal layer division for douBkattering may be
made coarser than the standard value for singktesicey (see section 9 above), by a factor lay sedlarger than or
equal to 1).

NDF will then calculate all possible double scattgrevents (including ones that lead to neglectabldributions, such
as O/O (first/second scattering) in a sample withran surface oxide). To specify these parametgulcgly the line
in the geo file should be:

ds n_scatt scatter_cutoff path_cutoff lay coarse

You may restrict the elements on which double sdaiy occurs - only for manual specification of frerameters as
described above. For instance, in a Au film onath a C surface contamination, double scatteringM (first/second
scattering), Au/Si, and Si/Au all have an importasie, Si/Si may be ignored unless you are vergragted in the very
low energies, and all double scatterings wherei@vislved may be ignored. You may introduce sonmehike:

ds 500202. 15
+Au -Si 0C

which means that Au is allowed to participate, imgiple, in all double scattering events, Si oimthose events where
the other scattering is from a “+” element (in tbése, Au), and no double scattering event invgl@ris calculated. In

this example, the events calculated will be Au/Au/Si, Si/Au only. Si/Si is excluded due to the fér the Si, and

Au/C, C/Au, Si/C, and C/Si are all excluded duethe “0” sign for the CWARNING : this line must be located
immediately below the ds n_scatt scatter_cutaf§_toarse line, and ALL elements in the str filestrioe present. It
will not work with the default option (where onlg$” was introduced in the geo file).

The options that are available (some of them omiytdst purposes, with in principle no interestrieal analysis) are:
+Si means all events will be calculated, unlessiotsd by a “0”, “/” or “\" code.

-Si means that events with other elements wittctbde will nto be calculated.

/Si means that element/Si double scattering eweilitaot be calculated.
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\Si means that Si/element double scattering eweilitaot be calculated.
=Si means that Si/Si will not be calculated.

For instance,

+Au /Si 0C means that only Au/Au and Si/Au are aldted: 0C excludes all events involving C; /Silages Si/Au
-Au /Si 0C means that only Si/Au is calculated: @ludes all events with C; /Si excludes Au/Si; -@xecludes Au/Au
/Au +Si 0C means that only Si/Si and Au/Si are glaited

/Au -Si 0C means that only Au/Si is calculated

-Au /Si and \Au -Si are equivalent: in both cagedy Si/Au is calculated

Advice: for a heavy element film H on a light subgt L, the only double scattering events wortltuaking are H/H
and L/H. Most economic usage is hence +H /L.

However, in a sandwich L/H/L, this is no longereyll/H must also be calculated, and most econosagelis +H -L.
For complex structures with several heavy and stlight elements, most economic usage is +H1 +HZ.1.-L.2 ...

Furthemore, NDF calculates particle loss as thenbgenetrates the sample. To turn this off, writthatend of the geo
file:
npl

Also, NDF does not calculate trajectories with rétg angle less than the cut-off angle when tath pength has
changed less than 3.11% relative to single scagefio make NDF calculate these as well, writehatend of the geo
file
nco

Between a 1.0311 change and a ds_co change irerigéhl of the trajectory as compared to single sdat}, NDF
makes a linear interpolation from not calculatiogalculating all. Ds_co is 1.5 by default. You cdrange it by adding
a line at the end of the geo file:

cods_co

NDF may calculate a lateral spread correction dumtiltiple scattering, which may be important itradthin films
measured at grazing incidence. Tests suggest thection is not important. To turn the correctian(galculation time
will increase), add a line at the end of the géo fi

dsms

To make NDF not calculate the trajectories where ohthe scattering events has angle smaller tbattes_cutoff, ,
add a line at the end of the geo file:
ngr

11.5Pile-up correction

When two backscattered particles hit the detedtdheasame time (or within the detector’s respdimee), the output
will be a single signal, with energy somewhere leetwthe sum of the two original pulses and thesktrgf them.

In two pulse pile-up, two events i and j, with aijgles Eand E, are lost from the recorded spectrum, and onetdven
is gained with amplitude £ E, depends on the relative amplitudes and on the 8eparation between i and j,

respecting max(g) Ec E+E.

For instance, if their energies were 0.7 and 0.8 Mestead of two corresponding signals, a singlse with between
0.8 and 1.5 MeV will be created (depending on iheetand amplitude difference of the two pulses)atTis, the
spectrum will loose 2 counts at low energies and @acount at high energies. This leads to a distorof the shape of
the spectrum.

If a pile-up rejection system is used, counts gitelgst, but most of the counts that would bergal are discarded.
Only those pulses that arrive within a time shatit@n the resolving time Tpur of the PUR systemgaieed, with @
E + E

The Wielopolski and Gardner algorithm is slow, Hus the most correct implemented in NDF, so weoramend it
when high count rates are used. Otherwise, Amsal ebrmally is accurate enough.

In all models the parameters required are:

- The realtime (collection time), to be introdueedthe first number in the data files.
- The shaping time Tw of the amplifier.
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- The resolving time Tpur of the PUR system, ifdjsetherwise, input a zero.

- A proportionality factor f between the time Tpquéred for the pulse to reach the maximum amplitudehe
amplifier and the shaping time Tp = f Tw. By defathis is 1.9 in NDF.

Given that the models are not 100% accurate, andell time is sometiomes not very well known, sdighaling with
the real time and Tw may be necessary.

11.5.1 Two-event pile-up: pure autocorrelation algo  rithm

We call this “CJ” algorithm

Very fast. Based on the algorithm previously (uhfiFeb05) used by NDF, but with important differesicThe shape
of the gained counts is calculated from a simplte@arrelation of the spectrum. The amplitude fothbgained and lost
counts are calculated from a probabilistic modat takes into account Tw and Tpur. This does g tato account
cases where < E + E, so it leads to some distortion when PUR is off.

11.5.2 Two-event pile-up: algorithm of Amsel et al.

We call this “GA” algorithm

Very fast. Essentially the same as the previouswlith the correction given in [19,20] and in [2(4ith g=0.2). This
leads to taking into account, at least partiatipse events whereg E E + E. It is thus better when PUR is off.

11.5.3 Algorithm of Wielopolski and Gardner
We call this “WG” algorithm

Slow and accurate. We follow the algorithm giverjda]. We thank Matej Mayer (author of SIMNRA) fpointing us
out that this algorithm exists and is very precise.

The WG algorithm is for two pulse pile-up. HowevleIDF will, when the pileup spectrum amounts to 184mwmre of
the yield, make an approximate triple pile-up ckltian.

WARNING: This algorithm is very slow. It goes witif, while the Amsel et al. and CJ algorithms go withWe
recommend to use the Amsel et al or CJ algorithxos@ in cases where accuracy is crucial.

11.5.4 Automatic pile-up correction on your data

The first channel in your data MUST be the realtimeeconds (in data type 4, this is the secondrmdianot the first!

See section 5.2). If this values is zero, no pileaipection will be made. Further, you must introelone line at the end

of the GEO file, containing the world ‘pile’, ‘PILEr ‘Pile’ and a number, which will be taken to tee pileup factor

w in Eg. (1). WARNING: If the first channel in thdata is an arbitrary number with no relation witke teal time, an

arbitrary correction with no relation with realityill be done.

So, what you have to do is:

1. Make sure the first number in your data is #sd time.

2. Introduce a line at the end of the geometryilth the keyword ‘pile’ followed by the algoritheodeword (CJ,
GA, or WG), and the values of Tw, Tpur, f, e.g.

pile CJ1.e-601.9

Tw and Tpur are in seconds, so if the shaping tiiars, you have to write 1.e-6.
If no PUR system is used, introduce 0 for Tpur.

The default value for fis 1.9, but it is differeot different amplifiers.

The following will also work, e.g.

pile Ga 2.e-6
(implying no PUR system, and f=1.9)

pile wg 1.5e-6 0.4e-6
(implying f=1.9)
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If, in the GA algorithm, you want to change theusabfg from 0.2 to some other value, introduce it atehd, e.g. for
g=0.35:
pile GA 1.e-6 01.9 0.35

11.5.5 Low level discrimination and pile-up

The low level discrimination setting in the MCA nmsacounts from channel 1 to channel ch_LLD haveamts. As
the pileup calculation uses the actual data catkcthis will lead to a distortion in the calcutati A not-so-good
solution implemented in NDF is for the user to gikie LLD channel, normally taken at the lowest at@mwith most
counts before dropping to zero. For the pileupudation (and only for that!), NDF will take chaneel to ch_LLD as
having the same counts as in ch_LLD. You must thioe a line at the end of the geometry file:

lld ch_LLD

(LLD or LId instead of Ild will also do)

Please note that the ch_LLD is for a 512 channettspm! If your raw data has 1024 channels yoiu must divhte real
channel value by two; if it has 256 channels yosthmultiply it by 2.

11.5.6 Pileup output file and recalculation from fi  le
The calculated pileup is written to file bUsf.DASeg section 8.2.9 above).

The pile-up is uniquely determined from the dake teal time, and the algorithm and parameters.uBked depth
profile in the fit is irrelevant to the calculatio8o, from version v8.2d on, if pileup has beewrady calculated in a
previous run, and if all those parameters remaithedsame, including the number of channels in thetHe file
bUsf.DA is read, and no calculation is made. Théans that the WG algorithm in fact should alwaysied, since it
only takes time once.

11.6Low energy yield correction

When using straggling, the yield at low energiesobges distorted: due to the statistical naturenefgy loss, a correct
simulation must follow particles up to depths geedhan the maximum depth at which particles whi average beam
energy may be scattered and still emerge fromdh®ke with positive energy. NDF implements an apipnate solution
to this problem. By default, NDF will not apply tleerrection, since it increases the calculatioretemound one to two
orders of magnitude (a few seconds in a modern R&urn it on, write at the end of the GEO file:

low_e

It is strongly recommended that this option be usetbnjunction with the option ALLRES (see sedli@bove), since
at very low energies it is essential to integratedross section over the beam energy distribiédare scattering.

WARNING : This option is not compatible with the use ofgboess. If roughness is on, the low_e option iahdéx.
Or vice-versa.

WARNING : Only Bohr/Chu straggling are taken into accounthie calculation, DEPTH is not completely supparte
as yet. It is partially supported, but since thsules are very sensitive to the tails of the enalpribution, several
problems arise, particularly at grazing angles: spmmetry of scattering along trajectory, non Gausslistributions,
and others. You can try, but at angles between Heaor out) and sample surface smaller than ar@®0%l the results
are expected to be pretty bad. Ocasionally theyeatty good, so do try. If nevertheless you wanise DEPTH, see
the dperror option in section 12.

WARNING : Only RBS and ERDA in reflection geometry (notnsanission) are supported.

11.7 Ad-hoc substrate plural scattering / channelling wection.
WARNING : The double scattering calculation given in settid.4 above has mostly superseded this section.

11.7.1 Basics

As NDF is fitting theoretical spectra to the expegntal data, it is important to get the generatagttions right. That
is, in principle we should have to introduce fullu@l and multiple scattering calculations, as wek
channelling/dechannelling yield calculations. Tlisnormally done by extremely slow Monte Carlo noeth, hence
impracticable for out purposes.

Nevertheless, we want to get the shape of out ibssignal right. NDF allows you to introduce altiplicative
correction to the shape of the signal of any spetifarget element. This correction is just a tidedjyree polynomial.
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You introduce in NDF the coefficients, togethertwit channel number above which the correction ngdo applies,
by adding two lines in the geometry file, e.g.

Si

220 1.72 -0.0126 7.591e-5 -1.494e-7

This polynomial actually has value 1 at channel, 22l it is a plural scattering ad-hoc correctiomill increase the Si
yield at lower channels.

We now give more information:

11.7.2 The problem

Plural scattering (as well as other effects suateaiations from the Rutherford cross sections\atédnergies, and inaccurate
values of the stopping powers) leads to deviatirealculated spectra from the measured yield, @e structure of the
samples is perfectly known. In general, the measyiedd at low energies is larger than the caledglaheoretical yield.

11.7.3 A (relatively general) ad-hoc solution

It is possible to account for this effect in antamt way, provided a reference sample can be oltaifar instance, in a
series of SiC samples implanted with some elentbet RBS spectrum of pure SiC can be used as anefer The
heavier Si will in general be responsible for tlegidtion, so we want to find a correction for the8ly.

Let us define thexperimentalield as Yjchannel), and say it is the sum of #xperimentapartial yields due to all
elements X, %(X,ch), as

Yexp(Ch) = X Yexp(XvCh)r (1)

and that theheoreticalpartial spectrum corresponding to Si ige¥(Si,ch). Then the plural scattering correction dact
P(ch) will be

P(ch) = YaxdSi,ch) / Yineon(Si,Ch). )

If we can assume that the implanted extra elemd@htet change significantly this correction facteve can use it in
the fits of the real interesting data. We do teigularly at Surrey, so far with very good results.

11.7.4 What you have to do

1. You have to have a reference sample from whichtsust you can obtain a valid plural scatteringection that will
work in your particular problem. You get an RBSdpem taken in the same conditions as your reatésting data.

2. You fit it with NDF. You give as fitting regioaf interest only channels where you believe plscattering plays
no role (that is, in the high energy part of thecpum). You MUST use a 512 channel compressioel.léfou
HAVE to convince yourself that the fit is good. loat the partial spectrum of the element you arer@sted in:
do you believe it? For instance, if you have an dgemeous multi-element reference sample, you shamédas
minimum layer thickness in the structure file .S&Rery large value, say 10000 (think for yoursetfyyveither
understand it or don't proceed!).

3.  We provide you a little utility program calledSVEXE to calculate Eq. (2) for you. Just run it daliow the
instructions. You will be prompted for an outpuéfhame that will contain the result of Eq. (29, P(ch).

4. This is NOT all! Plot P(ch) using whatever griaplroutine you use. It is likely that it will hakinks and peaks near
edges, where the fit wasn't perfect. Look carefatiyt, and decide which points you have to threwaya Normally, in
the low channels it will be above 1, and then It stabilise around 1 (with large statistical fluations!), and then will
fluctuate wildly (above the highest-channel edgemally): throw away all points above that!

5.  Fitit, using whatever routine you have, witthid degree polynomial as

Pritea(Ch) = & + @.Ch + a.CIf + a.CIT. 3)

You also need to define a cut-off channel,gh(integer) above which the correction is not gdiomdpe used: normally
Pritted(Cheuto) = 1.

cheuotty @, &, @&, and g define the plural scattering correction you walnéy are the numbers, in this order, that you put
in the proper place in the geometry file *.geo (seetion 11.7.5).

11.7.5 Dirtier trick
Actually, sometimes you don't have a reference damgnd nevertheless you want to correct for thepshof the
background. Then you can put just any polynomiat till fit.

Or, you can just give a first guess of what the@tiion should be at channel zerg)(@nd what it should be at ghy
(Prited(Cheutorr))- Then NDF will adjust this during the fit. Yowate to introduce in the geometry file *.geo thddaiing
lines (e.g. for Si)
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Si
Chcutoffa %, Pfitted(chcutoff)

If Prived(Cheutoft) = 1, the correction at gl will be kept constant at;Rq(Cheuto)=1 during the fit.
If Prired(Cheutor) * 1, the correction at gho Will also change during the fit: it is then a cdetply ad-hoc correction that
will change the shape of the signal (it can be wsed channelling correction).

11.8 Ad-hoc thin film plural scattering correction
WARNING : The double scattering calculation given in settid.4 above has mostly superseded this section.

A thin film of a heavy element will lead to someurall scattering at energies lower than it (if itk enough, extra counts
due to plural scattering will start to appear age@ the film). This leads to a background thah & in some cases
disturbing, for instance if you are trying to firelatively small peak at energies lower than teavig element film, or in
extreme cases like Au on a C substrate, the bagkdrdue to the Au plural scattering can be importdren compared with
the C signal height. Also, if you are looking dfuion from the thin film, it would be nice to ged of those extra counts.

The background is relatively constant for some gneange, below which it increases. It has a fitickness t
dependence approximately &3 23].

NDF allows you to do an extremely ad-hoc correcfamthis background. This is extremely ad-hoc, geteral,
and indefensable from a physical point of view. fTiBait is almost certainly wrong. It might be pill on occasion, we
used it exactly once (unpublished results althduglas nice work!), so it's a NDF feature and hi¢rgoes. Suppose you
have thin films of the same material with differéhicknessess. You measure the background leveivbie peak.
Normalise to InC charge. Plot against the widilx (in channels!) of the film. Fit it with alBx2 equation, as shown in
Figure 1 for Au thin films.

You can give to NDF the fit parameter c (in this&®.00557=0.00258/0.463), the low and high chanmbére the film
is, and the element to which the correction cowrdp (at the end of the geometry file you includdine
“Au 0.00557 xmin xmax”). Below the low channel, ND#ll subtract a constant background as given kg figure
(corrected for the charge of the spectrum in gaektin the region of the film it will subtract ad¢kground that depends
onDx as in the figure. Please note that NDF will satittthe correction from the data, and fit the are@ data.

This will work only on an ad-hoc basM/ARNING : Do not try this at home.

150 - T - T - T

PS = 0.00258(16) AX’
0.463 pC

100 +

Plural scattering background {counts)
o
o
|

o
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I
100
Ax (channels)
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%]
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Figure 1. Plural scattering background correcti®fuaction of the channel width of a Au film.

11.9Generate apparent cross sections that lead to dqmtifit to your data

Suppose you are analysing Elastic Backscatteritg, adth non-Rutherford cross sections. Suppose tiat you do
not have reliable cross section values for youreeirpental conditions, but that you have some refsgesample. For
instance, you could be interested in analysing $eenpith carbon using a proton beam, and you hasdable a bulk
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carbon sample.

NDF has a function that allows you to calculateappt cross sections that lead to a perfect fthéodata from the
reference sample. All you have to do is to run rausition of the reference sample for the corregiegimental
conditions, using any cross section values you h@ie, no matter how wrong they are, including Rdtind values.
The simulation should be on single-sample; multipteectra can be made, as long as they are allasirfshme
technique), for instance with different beam energy

You must create a file called NON_RUTH.COR, wittotlines: the first one is the number of the elenferder in the
structure file) for which you want to determine #r@ss section, the second the name of the outgputith the cross
section values. This should be 6 characters or MB§ will add the geometry number 01 etc, and edd@énsion. For
instance:

3
pp

Means the apparent cross sections will be genefatdte 3 element, with file names e.g. pp01.dat, pp02etat,one
per geometry.

If you want the output to exclude the initial ancdaf calculated values (which can be bad due fstaimce to multiple
scattering changing the yield at low energies, edge disturbances at high energies, then incluttiédhline with th
number of channels to exclude at the beginningearttl For instance to exclude the 30 low energy mblarand the 5
high energy channels, :

3

pp

305

You can use the output file as non-Rutherford adima as given in section 11.1 above. You shoutibpbly, however,
first smooth the file up a bit.

11.10Effects of multiple scattering on energy, anguland pathlength spread

11.10.1 Effect on energy spread
This can be included using DEPTH, as explainedapter 12.

11.10.2 Effect on scattering angle spread and pathl  ength spread

These two corrections are deeply related to eduér @nd are always applied together. The multiplieafudge factor
on both is also always applied together. Theresange severe problems with the model:

1. The integration extends only to 3 sigma, to dywbblems with the long MS talils.
2. To calculate the scattering angle spread, tgalanspread on the way in and on the way out ddea

3. The underlying assumption of symmetry of MSespect to the trajectory is only strictly valid fawrmal incidence
and 180° detection.

4. Rutherford scattering is assumed to calculagectbss section. The effect will not be well cadtet for resonances
that change rapidly and non-linearly with angle.

The model calculates the effect of scattering ersgiread on the effective cross section and kirerfattor at each
depth.

The model also calculates the average path lengtheway in, correcting the energy loss and theuahof scattering
centres crossed, and the average path length amaheut, correcting the energy loss.

We expect that only an order of magnitude is catad in this way. Thus we allow the user to intiela
multiplicative fudge factor.

NDF will not do this correction automatically. Tarh the correction on, write at the end of the fileo
f as (F_AS or F_as will also work).

or, to introduce a multiplicative fudge factor:

f as factor
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WARNING : This correction is only applied if stragglingdalculated with MDEPTH or WDEPTH (see section 12.1
below).

11.11Non-Rutherford cross sectionéHe on H

SigmacCalc 1.6 includes this cross section in tgealr10 MeV, for any angle. We have used it toudate it at
different angles, mostly with 5° steps, and put thia file called SigmaCalc_E4Hel1H.dat. If thie fs in the
WiNDF\sigmacalc directory, it will be read and irgelations on angle will be used.

The user should use SigmaCalc to calculate for theict angle, thus avoiding any interpolationsl #ren introducing
the file as explained in Section 11.1.1.

If the file SigmaCalc_E4HelH.dat is not present] dithe user does not specify a given cross sestithen the default
up until version 9.2l is used. This is an ad-hderpolation based in Figures 5.13-5.16 of the BB&ndbook and in ref.
[24] (and references therein).

WARNING : Please note that this can NOT be used to ex@#mdhe cross section, only interpolate, and thesd
cross sections have been superceded by SigmaCalc.

11.12Non-Rutherford cross sectionéHe on D

The He on D ERDA cross-sections are non-Rutherfohgy are given for 5 different values of thangle ("scattering
angle" in section 5.1 above) in Figures 5.17-5.2the IBA black Handbook. This was in NDF up to .#2 and was
wrong since version unknown. Form 9.2.0 it is coriggain. Anyway, the file sigmacalc_E4He2H.dat weepared by
NP Barradas based on interpolated experimentas @estions (from Kellock and Quillet), that will iobetween 10°
and 40° and up to 3 MeV.
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12 Straggling calculations

Since version 8.1g, the default in NDF is Chu giting, as detailed in section 12.4 below, using @G®ussian or
gamma function for the straggling shape as detdilesbction 12.5 below. There are several otheionptavailable to
calculate the energy spread:

12.1WDEPTH

This is the recommended option. Use it wheneverwant to calculate energy spread.

WDEPTH is a code developed by Edit Szildgyi andweokers Error! Bookmark not defined.,25], completely
independent of NDF. It does state of the art degblution calculations, and for all we know thisraothing comparable
available. NDF can call WDEPTH automatically duriogtime, and use its output. During a fit, NDFlw#ll WDEPTH
several times, each time that it considers thatldph profile has changed enough to warrant releion of the energy
resolution as a function of depth. You can obtaiDBE®PTH from Edit Szilagyi at szilagyi@rmki.kfki.hibé sure to
mention you need it to run with NDF), or Nuno Bdaa (nunoni@itn.pt). Look also in the IBIS website
(http://www.kfki.hu/~ionhpy

WARNING : Whenever you publish results where WDEPTH was yslease citeFrror! Bookmark not defined. ,25].

You should be familiar with WDEPTH in order to umstand what it does. Please read the literatureEatiidSzilagyi's
Manual.

WARNING : WDEPTH is provided “AS IS”, WITHOUT WARRANTY.

To make NDF use WDEPTH (implemented for RBS, ERNRA), add one line in the geometry file:
WDEPTH (or Wdepth or wdepth) wdepth_filename

To make NDF use WDEPTH only for some elements {aund save calculation time), the line in the geoynide can be:
WDEPTH (or Wdepth or wdepth) wdepth_filename ePledB ...

The file wdepth_filename contains data that WDERBds that are otherwise not used by NDF. These are

path where the WDEPTH directory is e.g. c:\codétsisfin C:\codes\WDEPTH
Temperature in K e.g. 300

foil thickness inhomogenity (FWHM) in micrometer

Q for reaction in MeV 0 for RBS and ERDA

energy level for reaction
shape of the beam spot

(if previous line is C):
diameter of beam spot

(if previous line is R):

width of beam spot

length (height) of beam spot
shape of detector slit

(if previous line is C):
diameter of detector slit

(if previous line is R):

width of detector slit

length (height) of detector slit
sample-detector distance
beam energy spread
angular divergence of beam
type of straggling

One example is (for the ITN-Lisbon standard deteofothe universal chamber with beam slits close®d.2 mm for

grazing angle incidence):

d:\codes
300

0

0

0

R

0.2

0 for RBS and ERDA
C if circular, R if rectangular

in mm

in mm
in mm
C if circular, R if rectangular

in mm

in mm

in mm

in mm

in keV

in degrees

B for Bohr, C for Bohr with Chu correction

wdepth.exe is in d:\\codes\WDEPTH

RBS, no foil

RBS, no reaction
RBS, no reaction
0.2x0.6 mm2 beam
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0.6

R 1.5%5.0 mm2 slit aperture

15

5.

70. 7 cm between sample and detector
1. 1 keV beam enery spread

0.02 0.02° beam angular divergence

C Chu straggling

You can also scale the influence of straggling lfgctor:

WDEPTH (or Wdepth or wdepth) wdepth_filename ePLedB ... scaling_factor

Note that this is not a multiplicative scaling teetresolution values in the file ndf_1.dat whiclhoigput of WDEPTH
(columns 2 & 3); it is a scaling in the increaserésolution values due to straggling; for instartbe, resolution at the
surface will not be changed. Now, suppose youodhiced scaling_factor=0.5, and at a given deptHFiv&iM in the
original file is 30 keV, for a surface value of k8V. The contribution of straggling so far has b868r15=675 ke, or
25.98 keV. This will now be 0.5x25.98=12.99 keV €eTtotal resolution will then be 12.995=393.75 keV, or 19.84
keV.

On top of that you can add a constant (positiveegative) to the values given in the file ndf_1.dat

WDEPTH (or Wdepth or wdepth) element depth_filenageding_factor add_constant

In the example above, with scaling_factor=0.5,dfl aconstant = -1.5, then the final resolution at tthepth would be
19.84-1.5=18.34 keV.

NDF writes intermediate input data for WDEPTH ire ttDEPTH directory: these are ndf_layer.lay, ndif.lay,

ndf.par & ndf.inp. The output files of WDEPTH arendf _1.dat and ndf_2.dat. These are describeckiaildn the
WDEPTH Manual of Edit Szilagyi, but the NDF usered not need to look at these: the results ackaetmatically
by NDF.

WARNING : Note that the foil thickness inhomogenity is FWHidd in micrometer. This is completely differentitbat
can be input directly in the GEO file, which is #tandard deviation in ¥0/cn? units. See section 5.12.2 above.

WARNING : If straggling is to be calculated with DEPTH, thalue for the foil inhomogeneity that is giventhme
GEO file takes precedence. Whatever is in the DERdt file (see section 5.12.2 above) will be iggdh unless no
foil inhomogeneity is given in the GEO file.

WARNING : From 250c¢t07 on NDF uses not the entire WDEPTldutation, but discards results when the WDEPTH
calculation error as given in the WDEPTH resuk fdre 3% or larger (this is the default). NDF timeskes a linear
extrapolation from the previous two values. Thisoigry to avoid problems at grazing angle, whée MS scattering
dominates and the MS theory is close to its limiftyvalidity. If you want to change the default, tbedeword in the
GEO file is e.g.

dperror 1.

(this will set the error level at which the DEPTHlaulation is disregarded to 1%)

dperror 1.e10

(this will effectively make NDF use the entire DBRTalculation as this error is never reached!)

Note that when using the low energy yield optioee(section 11.6 above) together with DEPTH, dpdemomes
critical. Trial and error is the only advice.

12.2MDEPTH

MDEPTH is the DOS code predecessor to WDEPTH. N&taall MDEPTH automatically during runtime, ane its

output. During a fit, NDF will call MDEPTH severtimes, each time that it considers that the deptfilp has changed
enough to warrant recalculation of the energy e as a function of depth. NDF uses a versioMBEPTH that

accepts up to 50 layers, while the standard dowlalole version accepts only 25. To use NDF with MDHPyou need
the 50 layer version. You can obtain it from Editl&yyi at szilagyi@rmki.kfki.hu (be sure to mentigou need it to run
with NDF), or Nuno Barradas (nunoni@itn.pt). Lod&aain the IBIS websiteh{tp://www.kfki.hu/~ionhp)

First, you need to install MDEPTH in your computesjng the default directory structure, and it mosta top level
directory, e.g. c:\mdepth or d:\mdepth. Otherwl&EPTH will of course work, but NDF will not be ablo call it

automatically.

WARNING : Whenever you publish results where DEPTH, MDEPGHWDEPTH was used, please citérror!
Bookmark not defined,25].

You should be familiar with MDEPTH in order to umsi&nd what it does. Please read the literaturgrsnchanual.
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WARNING : MDEPTH is provided “AS IS”, WITHOUT WARRANTY.

To make NDF use MDEPTH (implemented for RBS, ERDRA), add one line in the geometry file:
MDEPTH (or Mdepth or mdepth) mdepth_filename

everything else is exactly the same as for WDEPTH

WARNING : From NDF 8.0j on, the first line of the MDEPTHpiut file can no longer be just the disk (e.g. CDrit
now has to be e.g. C: or D:, or something such:&edes. That is, the path specified can have @bowt 78 characters
(but less is recommended), and NDF will append the rest of the path \MDEPTH) (which includes ihitial back
slash)

WARNING : From 250c¢t07 on NDF uses not the entire WDEPTIdutation, but discards results when the WDEPTH
calculation error as given in the WDEPTH resulg fidre 3% or larger (this is the default). NDF tiheakes a linear
interpolation from the previous two values. Thigagry to avoid problems at grazing angle, whér@ MS scattering
dominates and the MS theory is close to its lirftgalidity. If you want to change the default, ttedword in the GEO
file is e.qg.

dperror 1.e10

(this will effectively make NDF use the entire DBRTalculation as this error is never reached!)

12.3DEPTH

It is also possible, to input a file containing Eneresolution values.

WARNING : Whenever you publish results where DEPTH, MDEPGHWDEPTH was used, please citérror!
Bookmark not defined, 25].

The format of this file is (a maximum of 4000 vaw@e allowed):

six dummy lines, then four columns with
dummy dummy  energy-resolution (keV) beam-energypteeinteraction (keV)

This is the output format of Edit Szilagyi's DEPTdde.
The energy resolution is different for each elemerihe sample (straggling and plural scatterinly lvé different after
scattering because of the different energy aftettexing off different elements).

So, all you have to do is to calculate the enegpplution for the elements you have (using e.g.ntminal sample
composition), by any method you like (using DEPBHHe best way), save the result as files, and thehe geometry
file (see section 5.1), add one line per element:

DEPTH (or depth or Depth) element depth_filename

You can also scale the influence of straggling lfgctor:

DEPTH (or depth or Depth) element depth_filenanadirsg factor

Note that this is not a multiplicative scaling e tresolution values in the file depth_filenamés & scaling in the increase
in resolution values due to straggling; for ins@nihe resolution at the surface will not be chdn@éow, suppose you
introduced scaling_factor=0.5, and at a given démtWHM in the original file is 30 keV, for a $ace value of 15 keV.
The contribution of straggling so far has beef =675 ke\f, or 25.98 keV. This will now be 0.5x25.98=12.9%ke
The total resolution will then be 128945=393.75 keV, or 19.84 keV.

On top of that you can add a constant (positiveegative) to the values given in the file deptleri@dme:

MDEPTH (or Mdepth or mdepth) mdepth_filename ePLaB ... scaling_factor add_constant

In the example above, with scaling_factor=0.5,dfl aconstant = -1.5, then the final resolution at tthepth would be
19.84-1.5=18.34 keV.

All elements for which no such line exists will bensidered as having straggling given by the Chisab flag above, or
no straggling in their absence.

WARNING : This will slow NDF down by 1-2 orders of magnitudExpect long calculation times even if you have a
good PC. Do not use it unless you need it.

12.4Chu and Bohr straggling
The default in NDF, if the user does not say amghis Chu straggling with effective charge scalargd Tschalar
scaling in the propagation of straggling in thidknt [26].

61



NDF v9.3a 12Mar10

The user can tell NDF explicitly to calculate Chraggling with effective charge scaling, or Bohtaggling. NDF v8
does not calculate the influence of other effegeMetrical dispersion, plural and multiple scattgretc). This means
that any interface width will be overestimated bpM You should use MDEPTH for best results.

In all cases, Tschalar scaling is used. This aféleé propagation of FWHM from layer to layer doeat changed
stopping power: suppose you have sigma_so_farnandare calculating the sigma after a new layehéng there is a
sig_i. The total willnotbe sqrt ( sig_so_far **2 + sig_i **2), but sometbilike sqgrt ( (f x sig_so_far) **2 + sig_i **2),
where f = stopping_end_of layer_i/stopping_begignof layer_i - there will be an expansion or coctin of the
previous sigma, because it is propagated througlstispping power. This has quite an effect in tiéglers where you
go from above to below the stopping maximum!

NDF also lets the user scale the value of (ChuadwBsraggling calculated, by introducing a muitigtive scaling factor.
The user must add one line at the end of the gewpiiilet(see section 5.1), which for Chu stragglisgimply:

CHU (or Chu or chu) scaling_factor (1. for no sog)i

and for Bohr straggling is

BOHR (or Bohr or bohr) scaling_factor (1. for n@léeg)

To turn straggling off, set the scaling_factor to 0

WARNING : This will slow NDF down.

WARNING : In the current version, the straggling in anysérg stopping foil is not calculated. Any way, Efrilagyi

has shown multiple scattering to be dominant fezimg angle of incidence as in ERDA, so MDEPTH #thalways be
used.

WARNING : When using Chu or Bohr straggling, the straggiggalculated at the beginning of each sub-Maikuain,
i.e., only once for each temperature, becauseaitvisry time-consuming procedure. This has theemrence that the?

may increase occasionally, particularly at highgertures (although it can also happen during lmiaimisation).

12.5Shape of straggling function

Normally, the straggling function in NDF is takem lte a Gaussian. Close to the surface this leadert® particles
actually gaining energy. The reason is that thes&an function has endless tails, non-zero forgesidarger than the
surface energy. To prevent this, NDF can use a Gafanrction for the straggling. The Gamma functisrtlose to the
Gaussian for small standard deviation relativehtmdaverage value (it actually is a Gaussian forstaadard deviation
tending to zero), but it does not have a tail &es smaller than zero. The FWHM system resolusastill taken to be
a Gaussian.

This is valid for RBS and ERDA, whenever the FWHM dmaller than three times the energy calibratiaim.g
Otherwise, or for NRA and NDP, the default is gtié Gaussian function.

If the user explicitly wishes to use a Gaussiartlierstraggling, a codeword at the end of the dearfust be included:
strag gauss

If the user explicitly wants to use a Gamma, auge a Gamma function for NRA/NDP then it should be
strag gamma

12.6 Tschalar effect
By default NDF incorporates the Tschalar effecpafpagation of straggling through thick layers; #ifect is always

calculated, even for thin layers. The user can tuoff (for test purposes only, the effect is raead should be left
there), by writing in the GEO file:
tschalar off

Tschalar, TSCHALAR, Off and OFF also work.
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13Roughness, porosity, inclusions, density variation

13.1Roughness models

NDF has an algorithm to calculate the influenceoafghness on the specti ARNING : It will only do so when the
straggling or DEPTH options (see section 12 abave)used. For instance, if you use DEPTH for oreneht but not
for the others, and no straggling option, the iaflce of roughness will be only calculated for #lament.

NDF models several different kinds of roughnesscdbed below and given in the figure. What it daeso try to
describe the influence of the roughness solelynaaaease in the energy resolution as a functfaepth. This can be
more or less successful as noted below. The rosghmedels are those given in ref. [27], and therg®fon below
follows that paper. A more complete descriptiontltd models is given in [28], and a discussion @frthimits of
validity is given in [29]. Please read these pajfeysu want to use the roughness option in NDF.

In all the models it was supposed that the contiobuto the depth resolution caused by the surfaoghness follows
Gaussian distribution, is independent from the odeatributions, and can be added to them in quadraThe models
are as follows:

1) The roughness is caused by itifrtomogeneity in the layers thickneSge figure a) below. In this case, ass